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This study examined the effects of composition on the 
microstructure and fatigue resistance of eight carburized 
steels. Two series of Cr-Ni-Mo steels with systematic 
variations of sulfur and titanium were studied. Specimens 
of SAE/AISI 4320 and 8620 steels were also evaluated. All 
specimens were gas carburized at 927° C (1700° F), quenched, 
and tempered at 149° C (300° F) for one hour.
Bending fatigue resistance was determined with a 
Brugger-type fatigue specimen which simulated stresses in 
the root of a gear tooth. Specimen corners were rounded to 
prevent excessive carbon accumulation. When specimens with 
poorly rounded corners were tested, the resulting stress 
concentration at the corners promoted fatigue crack 
initiation.
Endurance limits of the eight heats ranged from 1070 
MPa (155 ksi) to 1260 MPa (183 ksi). The range of endurance 
limits represents good fatigue performance relative to most 
published values. Variations in case depths, intergranular 
oxidation depths, surface hardnesses, austenite grain sizes, 
retained austenite levels, and residual stresses in the 
eight heats were relatively small and had little effect on 
the differences in endurance limits.
Steel type 4320 and a Cr-Ni-Mo steel with 0.006 weight
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percent sulfur had the highest endurance limits of the eight 
heats. In the three heats of Cr-Ni-Mo steel with variations 
in sulfur content, endurance limits decreased as sulfur 
increased from 0.006 to 0.029 weight percent. Variations in 
residual titanium levels from 0.002 to 0.011 weight percent 
did not influence endurance limits.
Fatigue cracks initiated at intergranular cracks which 
were normally associated with manganese sulfide inclusions. 
Elongated manganese sulfide inclusions were parallel to the 
line of maximum stress in the specimen and reduced bending 
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Carburized parts have good fatigue and wear properties 
due to high carbon cases which create favorable gradients of 
strength/ toughness, and compressive residual stress. The 
tempered martensite-retained austenite microstructures of 
high carbon cases withstand wear, rolling contact fatigue, 
and bending fatigue. Low carbon cores provide mechanical 
support to carburized surfaces and are tougher and more 
ductile than the carburized surfaces.
This investigation considers bending fatigue in 
carburized specimens. The bending fatigue specimen selected 
for study simulates bending stresses in the root of a gear 
tooth with the combination of the maximum bending stress and 
the stress concentration factor of a radius. In order to 
better understand the carburizing process and performance of 
carburized steel in bending fatigue, the relationships 
between chemical composition, microstructure, and failure 
mechanisms must be considered. Chemical composition is 
significant because it influences hardenability which 
determines the microstructure that forms in the case during 
quenching. Chemical composition also influences 
microstructure by affecting the amount and stability of 
retained austenite, and the number and distribution of
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secondary particles, such as nonmetallic inclusions.
The microstructure of a carburized part strongly 
influences fatigue and fracture properties. The 
microstructure in a carburized steel is strongly influenced 
by austenite grain size. A fine austenite grain size 
produces a fine martensite and austenite microstructure and 
increases both strength and toughness. Normally, a decrease 
in toughness accompanies an increase in strength. Case 
microstructures are important because fatigue failures 
initiate near surfaces. Failure mechanisms indicate where 
fracture begins and how fracture occurs. An understanding 
of failure mechanisms can lead to improved fatigue 
resistance through identification of the weakest portion of 
a microstructure and a subsequent improvement of the weakest 
portion.
The purpose of this investigation was to study the 
effects of sulfur and titanium on the microstructure and 
endurance limits of carburized specimens tested in bending 
fatigue. Table 1.1 lists investigations which show that 
very high endurance limits, in excess of 1400 MPa (200 ksi), 
can be achieved in carburized steels. Normally, much lower 
endurance limits are measured and reported in the 
literature. High endurance limits were found with different 
types of specimens and different steel types. The
T-3849 3
cantilever beam specimen, a design used by Pacheco and 
Krauss (4) which eliminates some cases of low fatigue life, 
was also used in this investigation. All specimens were 
identically prepared and carburized, and, therefore, the 
results of this investigation provide a comparison of the 
effects of selected variations in chemical composition on 
microstructure and fatigue performance of carburized steels.
Table 1.1 Bending Fatigue Endurance Limits 
from Previous Studies
Fatigue Limit Test Investigators
1725 MPa Smooth Four Apple and
(250 ksi) Point Bend Krauss (1)
1760 MPa U-Notch Four Magnusson and
(255 ksi) Point Bend Ericsson (2)
1950 MPa Three Point Brandis and


















2.1 Austenite Grain Size
Austenite grain size directly relates to endurance limit 
as shown by Pacheco and Krauss (4) who studied bending 
fatigue in a carburized Cr-Ni-Mo steel. Figure 2.1 shows 
that endurance limit increases as austenite grain size 
decreases. Their data encompassed four austenite grain 
sizes and showed a Hall-Petch relationship with endurance 
limit. The following discussion examines the mechanism of 
the relationship between austenite grain size and fatigue 
life, and factors that affect austenite grain size.
Austenite grain size affects the fatigue resistance of a 
carburized part by influencing^ the morphology of the 
martensite. As austenite grain size decreases, the size of 
martensite laths and plates becomes finer and the yield 
strength increases through a Hall-Petch relationship as 
shown for medium carbon steels in Figure 2.2. Fine 
austenite grains are partitioned into fine martensitic 
regions which reduces the slip length and the number of 
dislocations in a pileup. As the pileup size decreases, the 
intrusion or extrusion size, which might initiate fatigue 
cracks, decreases. The reduced slip length and pileup size 
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Figure 2.1 Bending fatigue endurance limit as a 
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Figure 2.2 Yield strength as a function of austenite 
grain size in medium-carbon steels (5).
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material within a given distance from the grain boundary 
increases with decreasing grain size. Since material near 
grain boundaries undergoes the majority of deformation, more 
uniform deformation occurs. Consequently, steel with small 
austenite grains will minimize stress concentration and 
distribute deformation (6).
Austenite grain size has been shown to affect the amount 
of microcracking in plate martensite (7). Intragranular and 
intergranular microcracking can occur. Intragranular 
microcracking occurs during impingement of martensite plates 
while intergranular or grain boundary microcracking is 
caused by impingement of martensite plates with austenite 
grain boundaries. Figure 2.3 shows an increase in 
microcracking, as measured by microcrack area per unit 
volume (Sv), with an increase in austenite grain size. 
Austenite grain size influences microcracking by determining 
martensite plate size (1,7,8). As austenite grain size 
decreases, the maximum plate size decreases and, 
consequently, the strain produced during transformation 
decreases. As a result, microcracking becomes less likely 
in steels with small austenite grains.
Figure 2.3 also shows that the fraction of intergranular 
fracture increases as austenite grain size decreases.
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Figure 2.3 Amount of microcracking as a function 
of austenite grain size (7).
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cross a small grain are large enough to produce strains that 
form microcracks. Consequently, as austenite grain size 
decreases, microcracking becomes less likely due to smaller 
plates that form after the first plates. Segregation of 
phosphorus to austenite grain boundaries and cementite 
formation on austenite grain boundaries, as discussed later, 
may also influence intergranular microcracking.
Apple and Krauss (1) studied the effect of microcracking 
with a four point bend fatigue specimen. Different heat 
treatments after carburizing produced varying amounts of 
microcracking due to different austenite grain sizes. The 
direct quench and single reheat specimens had austenite 
grain sizes of ASTM 1-3 and ASTM 4-5, respectively. The 
austenite grain sizes in the double reheat specimens were 
finer than the single reheat specimens. The double reheat 
specimens had a significantly smaller number of microcracks 
than the other two specimens, especially near the surface. 
Apple and Krauss proposed that the lower amount of 
microcracking in the double reheat specimens was partially 
responsible for the improved fatigue resistance. It was 
noted that the difference in fatigue properties could also 
be due to differences in austenite grain size, 
microstructure, and residual stresses.
Apple and Krauss found that alloying elements such as
T-3849 10
nickel, chromium, and manganese have little influence on the 
severity of microcracking. They also showed that the 
maximum amount of microcracking occurred 0.13 to 0.25 mm 
(0.005 to 0.010 inch) below the surface in a specimen with a 
case depth of about 1.5 mm (0.060 inch).
Jena and Heich (8) studied microcracking with roller 
test specimens of AISI 8620 with a case depth of 3.0 mm 
(0.12 inch). They found that as austenite grain size 
increased, the number of microcracks remained constant but 
that microcrack size increased.
Namiki and Isokawa (9) showed that toughness increased 
as austenite grain size decreased in 0.8 weight percent 
carbon steel. The effect was most likely due to the fine 
microstructure produced when the steel with small austenite 
grains transformed to martensite. Namiki and Isokawa 
concluded that austenite grain size had a greater influence 
on case toughness than hardness or retained austenite.
Austenite grain size can influence fatigue properties by 
affecting enrichment of elements such as phosphorus at the 
grain boundaries which in turn affects the cohesive strength 
of the grain boundaries. Ando and Krauss (10) studied the 
effect of phosphorus in AISI 52100 and found that phosphorus 
segregated to austenite grain boundaries during 
austenitizing and promoted cementite formation on grain
T-3849 11
boundaries during quenching. Cementite on grain boundaries 
lowered the cohesive strength of the grain boundaries which 
promoted intergranular failure. Austenite grain size 
influences the amount of grain boundary solute enrichment by 
affecting the grain boundary area to volume ratio. As 
austenite grain size decreases, the grain boundary area to 
volume ratio increases and the degree of segregation at the 
grain boundaries decreases (11). Any decrease in solute 
enrichment would increase the cohesive strength of the grain 
boundaries and, consequently, improve fatigue resistance by 
increasing the energy required to cause intergranular 
fracture.
Auger electron analysis of intergranular fracture 
surfaces of coarse-grained carburized 8620 steel showed 
levels of carbon and phosphorus well above their bulk 
concentrations (12). The form of the carbon could not be 
established with light or scanning electron microscopy.
The effect of austenite grain size on fatigue resistance 
can be considered by examining the mechanism of 
intergranular fracture. Intergranular fracture occurs when 
the applied stress on a grain boundary exceeds the cohesive 
strength of the grain boundary. As discussed previously, 
small austenite grains result in a large grain boundary area 
to volume ratio and the applied stress can be distributed
T-3849 12
over a relatively large grain boundary area. Large grains 
result in relatively high stresses on the grain boundaries 
and, consequently, intergranular failure becomes relatively 
easy (11).
Magnusson and Ericsson (2) studied fatigue crack 
initiation and propagation in a carburized Cr-Ni steel. The 
specimens were 250 mm (9.8 in.) long with a square cross 
section of 127 mm (5.0 in.) and had a notch with a radius of 
3.0 mm (0.12 inch) on the side of the beam. Specimen 
surfaces were ground to remove grain boundary oxidation. 
After a four-point bending fatigue test, most cracks were 
found to initiate where prior austenite grain boundaries 
intersected the surface.
Since austenite grain size directly influences fatigue 
behavior, controlling austenite grain size can be used to 
improve fatigue resistance. Chemical composition is one 
method of controlling austenite grain size. Two studies 
that have considered the effects of chemical composition on 
austenite grain size are discussed below.
Namiki and Isokawa (9) studied the effects of alloying 
elements on austenite grain size in a 1.0 weight percent 
chromium steel with 0.8 weight percent carbon. Eight 
variations to the base steel contained varying amounts of 
nickel, manganese, chromium, and molybdenum. The goal of
T-3849 13
the study was to simulate the case of a carburized part 
without the influence of the core. Individual additions of 
0.4 percent molybdenum, 0.5 percent chromium, and 2 percent 
nickel to the base steel decreased the austenite grain size 
from ASTM No. 8 to 10. The addition of 0.2 percent 
molybdenum, 0.8 percent manganese, and 1.0 percent nickel to 
the base steel did not affect the austenite grain size.
Ohsiro et al. (13) studied the effect of aluminum and 
nitrogen content, reheating temperature, and cold reduction 
on the coarsening of austenite grains. The goal of the 
study was to control austenite grain size in a carburized 
piece that had been cold forged in order to decrease 
distortion during quenching and produce uniform core 
hardnesses. Small austenite grains have been shown to 
decrease distortion and provide uniform core hardness 
(14,15). Cold forging had replaced hot forging in some 
applications due to less material loss. However, initial 
use of cold forging produced coarse austenite grains.
Table 2.1 gives chemical compositions of the steels used 
in the study by Ohshiro. Note the different aluminum and 
nitrogen levels. First, 118 mm (4.64 in.) square billets 
were rolled to 15 mm (0.59 inch) diameter wire rod with 
reheat temperatures of 970° C (1778° F), 1070° C (1958° F), 
and 1150° C (2102° F). The specimens were then annealed for
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three hours at 740° C (1364° F) with the intent of producing 
similar amounts of aluminum nitride (AIN) precipitates at 
all cold working reductions. The specimens were then 
machined to a step-shaped geometry. Cold rolling of the 
step-shaped specimens resulted in reductions varying from 0 
to 50 percent.
Table 2.1 Chemical Compositions of Test Heats Studied 
by Ohshiro et al. (13) (weight percent)
Steel C Mn P______ S Si Ni Cr Al N
1 0.17 0.75 0.020 0.016 0.28 0.04 1.10 0.026 0.013
2 0.17 0.74 0.020 0.018 0.27 0.02 1.08 0.037 0.008
3 0.14 0.67 0.019 0.013 0.27 0.02 1.01 0.018 0.007
After cold working, the specimens were heated to 900° C 
(1652° F), 925° C (1697° F), or 950° C (1742° F) , held for 
three hours, and water-quenched. This final heat treatment 
simulated three carburizing temperatures. Austenite grain 
sizes were then measured. The temperature where grains of 
size ASTM 5 or coarser occupied more than ten percent of the 
area was defined as the austenite coarsening temperature.
The effective number of AIN precipitates was defined as the 
number of AIN precipitates present after annealing minus the 
AIN precipitates present after rolling. Figure 2.4 shows 
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Figure 2.4 Amount of aluminum nitride precipitates after 
each stage of study by Ohshiro et al. (13).
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the study. The number of AIN precipitates after the final 
heat treatment depended on the steel composition but did not 
vary significantly with different reheating temperatures. 
However, the effective number of AIN precipitates did depend 
on the reheat temperature since the number of AIN 
precipitates present after rolling dropped as the reheat 
temperature increased. Steel 3, which had lower aluminum 
and nitrogen levels than steel 1, had fewer AIN precipitates 
than steel 1.
The study found that as the number of AIN precipitates 
decreased, austenite grain coarsening became more severe. 
Steel 3 had significantly more grain coarsening than steel 1 
at the three reheating temperatures and all cold working 
reduction levels due to an insufficient number of AIN 
precipitates to pin the austenite grain boundaries. Figure 
2.5 shows the effect of the number of effective AIN 
precipitates on austenite grain coarsening conditions and 
indicates that as carburizing temperature increases, 
austenite grain coarsening becomes easier. The study also 
found that as the amount of cold work increased, more 
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Alloying elements directly or indirectly influence 
fatigue performance by determining the types and amounts of 
inclusions, establishing case and core hardenabilities, 
affecting the martensite start temperature (Mg), controlling 
grain size, and influencing mechanical properties of 
martensitic microstructures. The formation and effects of 
inclusions are discussed in a later section.
The Mg correlates with the amount of thermodynamic 
driving force required to initiate the shear transformation 
of austenite to martensite (16). Alloying elements such as 
copper, chromium, molybdenum, nickel, carbon, and nitrogen 
increase shear resistance in austenite and, consequently, 
more undercooling is required to initiate shear which 
results in a lower Ms. Aluminum, titanium, vanadium, and 
cobalt increase the Ma (17) but are not included in most Ma 
formulae due to the small amounts of these elements in most 
steels.
Figure 2.6 shows that endurance limit decreases as core 
carbon content increases. Steels with carbon contents 
ranging from 0.17 to 0.30 weight percent were studied. As 
core carbon content increased, the M of the core decreased 
and, as a result, the time lag between core and case 
transformation decreased. Although residual stress data
3849
Stool C Mn Cr Mo
EX15 0.19 1.03 0.52 0.19
SAE 4028 0.28 0.80 — 0.25
EX59 0.17 1.20 0.90 —
EX60 0.21 1.18 0.90 —
EX61 0.26 1.18 0.90 —








Figure 2.6 Fatigue curves for steels with 













were not presented for the specimens in Figure 2.6, it 
appears that the decrease in fatigue limit with increasing 
carbon was due to lower residual stresses in the cases.
Namaki and Isokawa (9) studied the effect of alloying 
elements on the intergranular to transgranular fracture 
ratio and toughness in a Mn-Cr steel with 0.8 weight percent 
carbon. Figure 2.7 shows that additions of nickel, 
chromium, and molybdenum to the base steel decreased the 
intergranular to transgranular fracture ratio while an 
addition of manganese increased the ratio. A decrease in 
the ratio is desirable since a steel generally absorbs more 
energy during transgranular fracture than intergranular 
fracture. Namiki and Isokawa also found that an addition of 
nickel to the base steel increased fracture toughness while 
an addition of manganese decreased fracture toughness.
The deleterious effects of manganese and the beneficial 
effects of molybdenum on the amount of intergranular 
fracture have been observed in studies cited by Krauss (16). 
Weng and McMahon (19) showed that manganese and phosphorus 
strongly cosegrated in a Fe-Mn alloy which increased the 
susceptibility to temper embrittlement. McMahon et al. (20) 
observed a beneficial effect of molybdenum on temper 
embrittlement in a Ni-Cr steel and attributed the effect to 
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Figure 2.7 Influence of alloying elements on ratio of 
intergranular to transgranular fracture (9)
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prevented phosphorus from segregating to austenite grain 
boundaries.
Thoden and Grosch (21) studied the effect of nickel on 
crack resistance in carburized steels with nickel levels of
0.02, 1.81, 3,25, and 4.63 weight percent. The steels with
0.02 and 1.81 weight percent nickel had equivalent crack 
resistances. Steels with nickel levels of 3.25 and 4.63 
weight percent had the highest resistance to surface crack 
initiation. Thoden and Grosch concluded that the beneficial 
effect of nickel in the heats with the two highest nickel 
levels was due to more retained austenite than in the heats 
with lower nickel levels.
Titanium forms stable compounds with oxygen, nitrogen, 
and carbon (22). Titanium combines first with oxygen to 
form Ti02 or Ti203 depending on oxygen concentration. In an 
oxidizing atmosphere at 1600° C (2910° F), Ti02 forms. At 
low oxygen concentrations or when iron is deoxidized with 
excess titanium, Ti203 forms. Bearing steel is not 
deoxidized with titanium due to titanium cyanonitride 
formation. Titanium does not effectively control grain size 
when added as a deoxidant. Upon complete deoxidation, 
titanium nitrides and titanium carbides form.
Depending on concentration, titanium nitrides can 
precipitate during solidification, unlike aluminum oxides
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which form early in the steelmaking process. As a result, 
titanium nitrides are individual, dispersed particles 
whereas aluminum oxides tend to agglomerate to form 
relatively large particles (23).
2.3 Retained Austenite
Retained austenite exists in steel at room temperature 
due to incomplete transformation of austenite to martensite 
and is a relatively ductile, unstable phase. Factors 
controlling the formation of retained austenite, the 
transformation of retained austenite to martensite, and the 
effect of retained austenite on fatigue properties are 
discussed below.
Figure 2.8 shows cooling dilatation curves for varying 
carbon levels in carbon steel and indicates that as carbon 
level increases, the beginning of austenite transformation 
to martensite is delayed. Increasing carbon content delays 
the transformation by lowering the martensite start 
temperature (Ma). As the Ma decreases, the yield strength 
of the austenite in which the martensite forms increases and 
the plastic deformation mechanisms of the martensite change. 
As a result, the morphology of the martensite changes with 
increasing carbon content. Below 0.6 weight percent carbon, 
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Figure 2.8 Cooling dilatation curves for varying 
carbon levels in carbon steel (24).
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carbon, lath and plate martensite both form as shown in 
Figure 2.9. As the carbon level increases towards 1.0 
weight percent, the Mg continues to decrease and the ratio 
of plate martensite to lath martensite increases. The 
formation of plate martensite retains more austenite than 
lath martensite because of a smaller temperature range for 
the athermal formation of plate martensite. Consequently, 
the amount of retained austenite increases as the carbon 
level increases as shown in Figure 2.10.
The highest level of retained austenite in a carburized 
part occurs near the surface since the highest carbon level 
and lowest Ma are near the surface (26). The high cooling 
rate at the surface also results in increased amounts of 
retained austenite at the surface (27).
Retained austenite can transform to martensite during 
tempering, testing, or service. When retained austenite 
transforms, toughness increases, new barriers to plastic 
deformation form, and flow stress increases (28). Fine, 
well-distributed retained austenite is strained more than 
coarse retained austenite, and, as a result, fine retained 
austenite requires less strain from deformation to induce 
transformation to martensite (28). Zaccone et al. (28) 
showed that the strain required for transformation was not a 
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Figure 2.9 Martensite start temperature and type of martensite formation as a function 
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Figure 2.10 Retained austenite as a function 
of carbon level (25).
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Shea (26) found that tempering at 165° C (329° F) for 
one hour resulted in a decrease in retained austenite of two 
to three percent. Banerjee (29) studied the effect of 
tempering temperature on retained austenite in SAE 52100, a 
through-hardening steel. Figure 2.11 shows that the amount 
of retained austenite increases as the austenitizing 
temperature increases, and decreases as the tempering 
temperature increases. After tempering at 260° C (500° F), 
no retained austenite was present. Shea (26) reported that 
the amounts of retained austenite in SAE 4130 and SAE 1526 
were constant for quenchant temperatures between 50° C (122° 
F) and 235° C (455° F) .
Transformation of retained austenite induces compressive 
stresses in the three principal directions since the 
surrounding martensite opposes the increase in volume which 
occurs during transformation (27). When yielding begins, 
the retained austenite yields and strain hardens while the 
martensite remains elastic. Zaccone et al. (28) showed that 
specimens with high amounts of retained austenite had 
relatively high strain hardening rates at high strains and 
tended to strain harden to higher strains than specimens 
with low amounts of retained austenite. Zaccone et al. also 
showed that the plastic strain needed for transformation of 
austenite to martensite is lower in tension than
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Figure 2.11 Retained austenite as a function of 




The effect of retained austenite on fatigue performance 
depends on the amount of strain (i.e. low or high-cycle 
fatigue). Retained austenite levels between 30 and 35 
percent are beneficial for high-strain, low-cycle fatigue 
because the strain is sufficient to transform the retained 
austenite to martensite. However, retained austenite 
adversely affects low-strain, high-cycle fatigue by lowering 
the elastic limit and decreasing the magnitude of the 
compressive residual stress.
Figure 2.12 shows that as the amount of retained 
austenite increases, the elastic limits in tension and 
compression decrease. Low elastic limits decrease 
high-cycle fatigue life by decreasing resistance to slip. 
Slip during cyclic loading produces surface relief. Ridges 
formed during slip act as stress concentrators and initiate 
fatigue cracks. In the absence of intergranular cracking, 
the majority of time in high-cycle fatigue is spent 
initiating cracks, and, as a result, retained austenite 
decreases high-cycle fatigue life. The benefit of retained 
austenite transforming to martensite does not occur 
during high-cycle fatigue because the strain does not 
provide a sufficient driving force to transform retained 
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Figure 2.12 Elastic limits as a function 
of retained austenite (28).
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austenite, fine, well-distributed retained austenite is 
desirable since the elastic limit is higher than with coarse 
retained austenite.
An increase in retained austenite indicates that a 
smaller percentage of austenite transformed to martensite. 
Consequently, residual stress decreases as the amount of 
retained austenite increases which adversely affects fatigue 
performance.
2.4 Nonmetallic Inclusions
Nonmetallic inclusions are second-phase particles that 
form when their solubility in liquid steel is exceeded and 
they are trapped during solidification. Inclusions that are 
at a surface or near a surface can act as stress 
concentrators and affect fatigue properties by initiating 
cracks. High-strength steels are extremely sensitive to 
fatigue crack initiation at inclusions, especially in the 
transverse direction (30,31,32). The effect of inclusions 
on fatigue life depends on the following factors: inclusion 
shape, inclusion size, adhesion of inclusions to the matrix, 
inclusion distribution and orientation with respect to the 
applied stress, the physical properties of the inclusions 
and parent metal, and the nature and magnitude of applied 
and residual stresses (30).
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Murakami (33) used fracture mechanics to analyze the 
effect of inclusions by treating inclusions as internal 
cracks. Murakami reached the following conclusions:
1. Inclusions near the surface are more deleterious to 
fatigue resistance than inclusions in the interior.
2. Fatigue fracture in a material with a hardness 
greater than 400 HV (41 HRC) is typically initiated by 
an inclusion near the surface.
3. Calculated fatigue limits decreased and experimentally 
determined fatigue limits were less consistent as the 
number and size of inclusions increased in high-strength 
steels.
Atkinson (30) studied the effect of inclusions in 
ultra-high tensile strength steels that had not been 
carburized and found that these steels were especially 
susceptible to the effect of nonmetallic inclusions. As in 
the study by Murakami (33), inclusions were assumed to act 
as stress concentration areas, similar to cavities. Since 
fatigue occurs by the extension of localized cracks formed 
by fluctuations in stress level, any factor influencing 
stress distribution will affect fatigue properties. An 
inclusion modifies stress distribution since an inclusion 
does not completely transmit an applied stress due to a
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different hardness, strength, and elastic modulus than the 
matrix. As a result, stress in surrounding material 
increases. Atkinson stated that the physical properties of 
an inclusion are less important than the space it occupies 
and concluded that nonmetallic inclusion content has a 
direct influence on fatigue resistance in ultra-high 
strength steels.
Brooksbank and Andrews (34-38) considered stresses that 
form around inclusions due to differences in thermal 
expansion coefficients of inclusions and the matrix.
Between 800 and 850° C (1472 and 1562° F), no stress exists 
around an inclusion. The maximum stress occurs just above 
the martensite start temperature when the matrix is 
austenite. During cooling, stresses form around an 
inclusion if the inclusion contracts less than the matrix. 
Stress fields form around oxide inclusions for this reason. 
Calculations indicate that stress fields also form around 
titanium nitrides, but that the magnitude is less than 
around an oxide. If an inclusion contracts more than the 
matrix, no stress exists around the inclusion. However, 
voids can form. A manganese sulfide (MnS) inclusion is an 
example of an inclusion that contracts more than the matrix.
An analysis of the effect of inclusions on fatigue 
performance based on stress fields around inclusions
S11THU1 LAKES USSUUtY 
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indicates that MnS inclusions do not affect fatigue 
resistance, while oxide inclusions lower fatigue resistance. 
Oxide inclusions are detrimental to fatigue performance due 
to compressive stress around them that combines with the 
applied stress to increase the effective stress. Brooksbank 
and Andrews (36,37,38) cite several studies (39,40) that 
show a beneficial effect of MnS inclusions on fatigue 
performance. MnS inclusions are beneficial only when they 
reduce the magnitude of the compressive stress associated 
with oxide inclusions by enveloping oxide inclusions. 
Calculations by Brooksbank and Andrews suggest that a 
maximum oxygen/sulphur ratio of 0.4 is needed to eliminate 
stresses around oxide inclusions due to envelopment by MnS 
inclusions. Duplex inclusions such as an oxide inclusion 
enveloped by a MnS inclusion form during slow cooling (39).
Several studies (30,33,41) discussed the importance of 
inclusion shape on fatigue resistance and discounted the 
effect of the chemical composition of the inclusion. 
Brooksbank and Andrews cite the following findings to argue 
that the chemical composition of an inclusion also affects 
fatigue performance:
1. Fatigue properties are not affected by FeO inclusions
even though FeO inclusions are spherical, as are oxides.
The innocuous effect of FeO inclusions can be explained
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by the small difference in thermal expansion 
coefficients between FeO and the steel matrix.
2. A 1 percent C-1.5 percent Cr steel with a cerium 
addition contained many spherical CeS inclusions but had 
very good fatigue properties. As with FeO inclusions, 
the thermal expansion coefficients of CeS and steel are 
similar.
3. A leaded bearing steel with soft lead stringers had poor 
fatigue properties. An analysis based on inclusion 
shape indicates that stringers should deleteriously 
affect fatigue performance.
4. Calcium aluminates are more detrimental to fatigue 
properties than alumina even though both have equal 
plasticity (zero plasticity).
Stover and Muralidharan (23) studied rolling contact 
fatigue behavior in three heats of Cr-Ni-Mo bearing steel 
with .titanium levels of 20, 60, and 110 ppm. There were no 
magnetic particle indications in samples from the three 
heats and the inclusion ratings of the three heats were 
similar. Stover and Muralidharan concluded that residual 
titanium levels up to 110 ppm did not significantly 
influence resistance to rolling contact fatigue.
The fatigue tests by Stover and Muralidharan included
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reduction ratios between 18.5 and 1330 to 1. As reduction 
ratio increases, aluminum oxides tend to break up. As a 
result, it was expected that at the high reduction ratios, 
the effect of titanium would become evident due to titanium 
nitride inclusions being larger than aluminum oxides. 
However, an influence of titanium level on fatigue 
resistance was not observed which indicates that the 
aluminum oxides either did not break up or were so closely 
spaced that they had the same effect as an aluminum oxide 
stringer (23).
Mayes and Baker (31) studied the effects of inclusions 
on anisotropy. Compact tensile specimens in six 
orientations were machined from a normalized mild steel with
0.154 weight percent sulphur. The six orientations produced 
six different inclusion/fracture plane orientations as shown 
in Figure 2.13. Initiation fracture toughness values, JIc, 
were determined for each orientation. The JT values,IC
presented in Table 2.2, varied dramatically depending on 
orientation. The anisotropy was caused by inclusions. 
Banding was not a factor in the anisotropy.
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Figure 2.13 Inclusion/fracture plane orientations 
in study by Mayes and Baker (31).
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Table 2.2 Initiation Fracture Toughness Values 














Inclusion-induced anisotropy influences fatigue by 
determining the ease of crack initiation in a given 
inclusion/fracture plane orientation. For example, fatigue 
cracks are more readily initiated if inclusions are in the 
fracture plane than if inclusions are perpendicular to the 
fracture plane.
Magnusson and Ericsson (2) studied fatigue crack 
initiation and propagation in a carburized Cr-Ni steel, as 
discussed previously. They reported that a number of 
fatigue cracks initiated at slag inclusions near the 
specimen surfaces.
Ransom (42) studied the effect of stringer-type 
inclusions in SAE 4340 steel and noted that inclusion 
orientation with respect to loading direction was important. 
He concluded that a decrease in nonmetallic inclusions 
resulted in a large increase in the transverse fatigue limit 
to an extent that it approached the longitudinal fatigue 
limit. Chemical compositions of inclusions were not
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mentioned by Ransom, but based on micrographs and the 
chemical composition of the test heats, the inclusions were 
most likely manganese sulfides.
2.5 Interaranular Oxidation
Intergranular oxidation occurs during carburizing when 
oxygen in the carburizing atmosphere, which is free oxygen 
or is from water vapor or carbon dioxide, combines with 
elements in solid solution to form oxides. The atmosphere 
is reducing with respect to iron but can be oxidizing with 
respect to elements in solid solution (43). Oxides 
typically form at austenite grain boundaries due to a high- 
diffusion rate along the grain boundaries. Internal 
oxidation occurs in steel because the following three 
requirements are satisfied:
1. Steel has a certain solubility for oxygen.
2. Steel contains alloying elements with a higher affinity 
for oxygen than iron.
3. The diffusion rate of oxygen in iron is higher than the 
diffusion rate of alloying elements in iron (44).
Figure 2.14 shows oxidation potentials for reactions of 
alloying elements with water vapor and carbon dioxide. 
Elements with positive oxidation potentials tend to oxidize. 




































Figure 2.14 Oxidation potentials of alloying elements 
and iron in steel (43).
Ti













Figure 2.14, is slightly higher than titanium (43).
The composition of an oxide at a given distance from the 
surface depends on the energy of formation of the oxide. 
Oxides with relatively high energies of formation are more 
likely to be found farther from the surface than oxides with 
relatively low energies of formation. Oxides with silicon 
are most likely to be farthest from the surface followed by 
oxides with manganese and chromium, respectively (44). 
Chatterjee-Fischer (44) reported that the depth of oxides 
generally depends on silicon content for constant heat 
treating conditions.
Parrish (43) cited a study by Arkhipov et al. (45) where 
oxides of manganese, chromium, and silicon were found at 
depths of 6 to 8 microns from a specimen surface. Parrish 
also cited a study by Kal'ner and Yurasov (46) where oxides 
with manganese and chromium were located up to 30 microns 
from a specimen surface. The oxides were products of 
reactions between elements in solid solution and oxygen from 
the carburizing atmosphere.
Intergranular oxidation can decrease the hardenability 
at the surface of a carburized part due to a decrease of 
solid solution elements. The decrease in hardenability can 
result in nonmartensitic phases such as bainite or pearlite 
at the surface during quenching. The nonmartensitic phases
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produce relatively low compressive residual stresses (44).
As a result of relatively low residual compressive 
stresses at the surface, fatigue cracks can initiate at 
locations where intergranular oxidation occurred. However, 
if the depth of intergranular oxidation is below a certain 
depth, intergranular oxidation will not increase the 
susceptibility to fatigue crack formation. The acceptable 
depth of oxidation depends on residual stress, applied load, 
and amount of nonmartensitic transformation products (18). 
Figure 2.15 shows a decrease in fatigue strength for an 
oxide network deeper than 13 microns. Intergranular 
oxidation and formation of nonmartensitic phases at depths 
greater than 13 microns alter residual stresses and act as 
initiation sites for fatigue cracks and, consequently, 
reduce fatigue strength.
Figure 2.16 shows results from a model that predicts the 
relationship between bending stress and depth of acceptable 
intergranular oxidation. As the applied bending stress 
increases, the depth of oxidation that will lead to failure 
decreases. Figure 2.16 also shows that as the compressive 
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Figure 2.15 Effect of intergranular oxide depth 
on fatigue strength (47).
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Figure 2•16 Relationships between bending stress 
depth of intergranular oxidation, 
and compressive residual stress (18)
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2.6 Carbides
Carbide formation can occur at various stages of 
carburizing, depending on heating rate, atmosphere 
composition, alloy content, and cooling rate. The types of 
carbides can be classified as globular (massive), network, 
or surface-film (flake) carbides (43).
Globular carbides form under several conditions.
Globular carbides can form if a carburizing steel is slowly 
heated through the ferrite to austenite transformation in a 
carbon atmosphere. They can also form in fresh austenite 
when undissolved alloy-containing carbides or local 
concentrations of carbide-forming elements act as nucleation 
sites. Undissolved carbides exist when carbon from the 
atmosphere satisfies the carbon solubility of the austenite. 
Finally, globular carbides can form when the solubility of 
carbon in austenite is exceeded (43).
Globular carbides are located on previous ferrite grain 
boundaries or in grains and are not continuous. The 
composition of globular carbides is Fe3C although alloying 
elements can partially replace the iron. The replacement of 
iron with alloying elements results in alloy depletion which 
reduces hardenability and can produce either martensite with 
relatively low hardness or nonmartensitic phases during 
quenching (43).
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Alloy content influences the amount of globular carbide 
formation in steel by affecting the eutectoid carbon content 
and the Acx temperature. Elements that lower the eutectoid 
carbon content and Acx temperature promote the formation of 
globular carbides. Typically, an increase in alloying 
elements reduces the eutectoid carbon composition which 
promotes globular carbide formation (43).
Globular carbides decrease residual stress because 
material around the carbides is not strained since the 
carbide does not transform during quenching. A further 
decrease in residual stress occurs if material around the 
carbide does not transform to martensite due to alloy 
depletion. The decrease in residual stress can lower 
fatigue resistance by as much as 30 percent. Formation of 
globular carbides can be controlled by heating quickly 
through the hc1 temperature, decreasing the carbon potential 
during heating, and changing the steel composition (43).
Network carbides or carbide grain boundary 
allotriomorphs form at austenite grain boundaries when 
austenite saturated with carbon is slow-cooled following 
carburizing. Carbides form at grain boundaries due to high 
mobility of interstitial atoms in grain boundaries and 
because the boundaries are preferred nucleation sites for 
carbide nucleation and growth (43).
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Compositions of network carbides are similar to globular 
carbides and also result in alloy depletion and 
hardenability loss. The effect of network carbides on 
mechanical properties depends on the continuity of the 
network, film thickness, and carbide composition which 
determines the amount of alloy depletion. Continuous 
carbide networks decrease bending fatigue resistance, but 
partial networks do not significantly affect bending fatigue 
resistance (43,48). Formation of network carbides can be 
avoided by quenching or by decreasing the carbon potential 
of the atmosphere (43).
Surface-film or flake carbides form on surfaces of 
carburized steels during cooling in an atmosphere with a 
high carbon potential. These carbides have minimal 
penetration and can be avoided by quenching or by reducing 
the carbon potential of the atmosphere during cooling (43).
2.7 Tempering
Tempering is the heating of martensite to a temperature 
below Ax in order to optimize mechanical properties. High- 
strength steels are typically tempered between 150 and 200°
C (302 and 392° F) for two to ten hours. Tempering below 
200° C (392° F) does not significantly affect core 
microstructures. Lath martensite is not greatly affected by
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tempering most likely due to autotempering during quenching 
(43).
Tempering allows supersaturated carbon in martensite to 
precipitate. At a tempering temperature of 150° C (302° F), 
eta carbides precipitate in the form of aligned 2 nm 
particles with a composition of Fe2C and an orthorhombic 
structure (49). Case hardness decreases slightly as 
supersaturation of carbon decreases. A tempering 
temperature of 150° C (302° F) produces about two percent 
total carbide by volume in a 0.8 weight percent carbon steel 
(43).
Parrish (43) reports that tempering below 100° C (212°
F) does not affect bending fatigue performance but tempering 
between 100° C (212° F) and 200° C (392° F) deleteriously 
affects bending fatigue resistance as the temperature 
increases. A hardness decrease causes a portion of the loss 
in fatigue resistance. The balance of the decrease is due 
to a decrease in the magnitude of the residual compressive 
stress. The maximum reduction in residual stress occurs at 
tempering temperatures between 100° C (212° F) and 160° C 
(320° F) and is most likely related to the precipitation of 
carbides which causes a volume contraction (43). Figure 































Figure 2.17 Residual compressive stress as a function 
of tempering temperature (43).
jUiui/n
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Tempering appears to be detrimental to bending fatigue 
performance due to a decrease in residual compressive stress 
without transformation of retained austenite to martensite. 
However, gears are tempered to increase resistance to 
scuffing, pitting, and impact loading (43).
2.8 Residual Stresses
Compressive residual stresses develop in carburized 
parts due to thermal, composition, and Ma gradients, phase 
transformations, and differences in mechanical properties at 
different carbon levels. Thermal gradients affect residual 
stress distribution in steel because steel has a relatively 
low thermal conductivity and a temperature dependent yield 
strength (27). Thermal gradients interact with 
transformation gradients due to Ms variations to produce 
surface compressive stresses (50).
Shea (26) reports that compressive residual stresses at 
the surfaces of SAE 4130 and SAE 1526 specimens increased 
with increasing quenchant temperature. The specimens were 
carburized to produce a case depth of 1.5 mm (0.059 inch), 
quenched in 50° C (122° F) oil, and tempered for one hour at 
165° C (329° F). To eliminate surface decarburization and 
intergranular oxidation effects, 0.05 mm (0.002 inch) of 
material was removed from the surface of the specimens.
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After copper plating, the specimens were austenitized at 
925° C ( 1697° F) for 30 minutes and quenched to temperatures 
between 50° C (122° F) and 270° C (518° F) . Figure 2.18 
shows an increase in residual stress with an increase in 
quenching temperature for SAE 4130.
Figure 2.19 shows three steps in the transformation of 
austenite to martensite and the resulting stress states in a 
carburized cylinder. Initially, the entire part is 
austenite with a carbon profile as shown in Figure 2.19a. 
Transformation begins near the case/core interface and 
proceeds inward due to the higher Ma of the core. Figure 4 
2.19b shows tensile stress formation on the surface due to 
expansion of the core. The case then transforms to 
martensite which results in compressive stresses on the 
surface because the martensitic core restricts the case from 
expanding. The final stress state is shown in Figure 2.19c.
The continuous-cooling-transformation (CCT) curve shown 
in Figure 2.20 has cooling curves from four locations in a 
50 mm (1.97 in.) diameter bar along with Ma temperatures for 
five different carbon levels. At a time just past ten 
seconds, the curve for the region 2 mm (0.079 inch) from the 
surface has reached the Ma for the 0.4 weight percent 
carbon steel. The curve for the region 0.5 mm (0.020 inch) 


































Figure 2.18 Residual stress in SAE 4130 as a function 
















Figure 2.19 a) Initial carbon distribution in a carburized 
cylinder, b) phases and stress state after 














•4 1-0 10 10* i»0
Time - Seconds
Figure 2.20 Continuous cooling transformation curve 
with cooling curves from four locations 
in a 50 mm (2.0 inch) diameter bar (27).
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percent carbon steel. Consequently, the core transforms 
before the case.
Burnett (24) found that compressive residual stresses in 
an oil quenched cylinder with a 12.7 mm (0.5 inch) diameter 
were the result of three factors: plastic flow in the early 
stages of quenching, plastic flow during core 
transformation, and strains produced by the final phase 
relationships. The maximum compressive residual stresses 
were located at a carbon level of 0.50 weight percent which 
was just below the surface. Ebert (27) suggests that the 
higher retained austenite level at the surface might be the 
reason for the maximum compressive residual stress being 
located slightly below the surface.
Figure 2.21 shows the distribution of residual stresses 
in a carburized cylinder in the axial, circumferential, and 
radial directions. Areas above the line labeled zero 
indicate tension while areas below indicate compression.
For bending fatigue resistance, the residual stresses in the 
axial direction are most important because they interact 
with applied stresses in the axial direction and produce a 
lower effective stress than the applied stress.
Since carbon content, case depth, and residual stress 
state are interrelated, few experiments have been done that 
assess the effect of residual stresses on mechanical
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Figure 2.21 Distribution of residual stresses in a 
carburized cylinder in the axial, 
circumferential, and radial directions 
(27).
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properties. For example, residual stress can be increased 
by increasing the case carbon level, but the increase in 
carbon also increases the tensile strength of the case.
Ebert (27) cites work by Funatani (51) who studied the 
effect of residual stress on fatigue resistance. Funatani 
varied compressive residual stresses in steels of different 
hardenability but with a constant surface hardness.
Endurance limit increased as compressive residual stress 
increased in specimens with case depths of 1 mm (0.039 
inch). One problem with the work by Funatani is that the 
residual stress distributions depended on the hardenability. 
Since both the peak intensities and distributions of the 
compressive residual stress affect the resistance to 
fatigue, the experiment does not completely isolate the 
effect of residual stress on fatigue resistance. However, 
given the complexity of the factors mentioned above, the 
study by Funatani comes as close as possible to 
demonstrating the relationship between residual stress and 
fatigue resistance (27).
Figure 2.16 presented results from a model that predicts 
the relationship between bending stress and the depth of 
intergranular oxidation that can be tolerated without 
failure occurring. As the compressive residual stress 
increases, the depth of oxidation that can be tolerated
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increases.
Shea (26) found that tempering reduced residual stress 
and that the residual stress level present after tempering 
was not a function of quenchant temperature in the range of 
50° C (122° F) to 200° C (392° F) . The later finding 
suggests that the increased residual stress at the higher 
quenchant temperature in the untempered specimens is the 
result of untempered martensite (26).
Zaccone et al. (28) cite work by Panhaus and Fournelle 
(52) that reports a decrease in residual compressive stress 
during cyclic loading. Ebert (27) states that compressive 
residual stresses change during testing due to strain from 
the test, transformation of retained austenite to 
martensite, and stresses resulting from rheological 
interactions.
2.9 Fatigue
Fatigue consists of cyclic hardening or softening, crack 
initiation, and crack propagation (28). The depth of 
cracks, scratches, or notches on the surface determines 
whether a crack will form by tensile fracture or if a 
pre-existing crack or defect will propagate during testing 
or while in service. A crack forms by tensile fracture if 
the stress needed to propagate an existing crack exceeds the
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tensile strength of the material (52).
Zaccone et al. (28) showed that intergranular cracks, 
which are one or two grains deep, develop in the first few 
cycles of low-cycle fatigue testing due to relatively large 
strains. The cracks are arrested, perhaps because of 
strain-induced transformation of austenite to martensite, 
but become initiation sites for transgranular fatigue 
cracks. In low-cycle fatigue, the applied stress and the 
critical flaw size control the time to fracture (28).
Stresses experienced in high-cycle fatigue are not high 
enough to produce cracks early in fatigue. Cracks typically 
initiate as a result of plastic deformation at embrittled 
austenite grain boundaries, inclusions, or other surface 
discontinuities. Fatigue life is controlled by crack 
initiation in high-cycle fatigue which depends on the yield 
strength of the material. As yield strength increases, the 
resistance of the material to plastic flow increases and 
crack initiation becomes more difficult (28).
2.10 Fracture Mechanisms
Case depth affects the locations of crack initiation 
sites. Cracks form at the interface of the case and core if 
the case is too thin and at the surface of the case if the 
case is of sufficient depth (11). Fett studied bending
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properties of carburized specimens by performing slow-bend 
tests on 25.4 mm (1.0 inch) diameter bars with an increased 
cross section in the center. He concluded that the ideal 
case depth for 86XX steels lies between 0.6 mm (0.024 inch) 
and 1.1 mm (0.043 inch) (53). Parrish (43) determined that 
the optimal surface carbon level was 0.75 to 0.85 weight 
percent for bending fatigue.
Fracture can occur through grains (transgranular 
fracture) or along grain boundaries (intergranular 
fracture). Transgranular fracture is preferred because more 
energy is absorbed than during intergranular fracture.
Obermeyer and Krauss (54) showed that the proportion of 
intergranular fracture to transgranular fracture increased 
as phosphorus content increased, as austenitizing 
temperature increased, and as quench rate decreased. 
Relatively high austenitizing temperatures and low quench 
rates increased segregation and formation of cementite on 
prior austenite grain boundaries. Tempering increased the 
amount of transgranular fracture in a Cr-Mo steel with 0.85 
weight percent carbon, as shown in Figure 2.22.
Transgranular fatigue cracks in carburized parts tend to 
become intergranular after a critical crack size is 
attained (54). This transition in crack morphology has been 
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Figure 2.22 Percent transgranular fracture as a function 
of tempering temperature in a steel with 0.85 
weight percent carbon (54).
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fracture toughness of high carbon steels (2,55).
2.11 Young’s Modulus
Young’s modulus is the slope of the stress-strain curve 
in the elastic region. Young's modulus at room temperature 
does not vary substantially for different types of steel 
(24). Ebert (27) reports that the elastic constants of the 
case and core are identical.
T-3849 63
3.0 Purpose of Investigation
The purpose of this study was to evaluate the effect of 
composition on the microstructure and fatigue properties of 
a series of identically gas carburized steels. Specimens 
were designed and surface finishes were maintained to permit 
good comparison of microstructural effects. Typical alloy 
steels and sets of steels with systematic variations in 
sulfur and titanium contents were selected for study. 
Endurance limits were determined and fracture surfaces were 
examined to evaluate the effect of composition on fatigue 
performance.
4.0 Experimental Procedure
4.1 Production and Composition Measurements of Test Heats 
Eight test heats were produced by The Timken Company.
The heats were ingot cast, bloomed, and rolled to billets. 
Ingot sizes, bar sizes, and reduction ratios for the test 
heats are given in Table 4.1. Slices for specimens were cut 
from the billets. Chemical compositions were determined for 
the eight test heats in samples from quarter-sections of the 
bars. Carbon, sulfur, nitrogen, and oxygen levels were 
determined with a Leco analyzer. The balance of the
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chemistry data was obtained with an optical emission 
spectrometer.
Table 4.1 Bar Diameters and Reduction Ratios of Test Heats








4320 508 20 152 6.0 14:1
8219 711 28 152 6.0 28:1
8620 711 28 152 6.0 28:1
8719 711 28 140 5.5 33:1
4.2 Specimen Preparation
Slices were cut perpendicular to the rolling direction 
of the steel bars to be tested. Specimens were cut from 
these slices in the orientation shown in Figure 4.1. The 
specimen geometry, shown in Figure 4.2, was used in other 
studies (11,56). The long axes of the specimens were 
oriented perpendicular to the bar rolling direction. This 
specimen orientation places the portion of the specimen with 
the 3.18 mm (0.125 inch) radius in the same orientation as 
gear teeth forged from bars. In previous work (11), the 
long axes of similar specimens were parallel to the rolling 
direction.
The specimen geometry simulates stresses in the root of
3849








Figure 4.2 Schematic diagram of specimen used to 
determine bending fatigue behavior. 
Dimensions in millimeters (11)*
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a gear tooth with the maximum bending stress and the stress 
concentration effect of the 3.18 mm (0.125 inch) radius 
(11). Carbon accumulation near the corners of the specimens 
was avoided by rounding the corners that would experience 
tensile stresses during testing (56).
After machining, the bending fatigue specimens were 
sanded with No. 240 and 320 emery polishing paper. The 
specimens were then polished chemically. Chemical polishing 
uniformly removed the layer of worked material caused by 
sanding. Initially, a specimen was immersed in 7 parts HF, 
50 parts hydrogen peroxide (H202), and 50 parts water for 30 
seconds before rinsing in H202, then water, and finally 
methanol (60). The specimen showed preferential attack at 
the grain boundaries. Variations of the initial mixture 
were tested until satisfactory conditions were found for the 
different heats of steel. Table 4.2 shows the compositions 
of the mixtures used to prepare each heat. All specimens 
were dipped in the solutions which resulted in an exposure 
time of less than one second for the portion of the specimen 
that experienced the highest stress levels during fatigue 
testing. The chemical polishing mixture and the fluids used 
to rinse the specimens were held in 250 ml beakers and were 
changed after processing eight specimens.
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Table 4.2 Compositions of Chemical 
Polishing Mixtures
Mixture Compositions (Parts)
Steel Type HF h 2o 2 h 2o
4320 10 30 70
8219 - 0.006 S 10 30 110
8219 - 0.015 S 10 30 110
8219 - 0.029 S 10 30 110
8620 7 15 85
8719 - 0.002 Ti 5 15 85
8719 - 0.006 Ti 5 15 85
8719 - 0.011 Ti 5 15 85
During initial development of chemical polishing, the 
mixtures were evaluated by specimen weight loss, dimensional 
changes, and stereo microscope observations of the 
specimens. However, all mixtures that resulted in 
substantial weight loss or dimensional change preferentially 
attacked grain boundaries or caused pitting. The mixtures 
that produced smooth surfaces removed very little material 
and, consequently, the dimensional changes of the specimens 




All specimens were carburized at Midland Metal Treating 
Inc. in Franklin, Wisconsin. The aim carbon level at the 
surface was 0.82 + 0.02 weight percent and the aim case 
depth was 1.0 mm (0.040 inch). The specimens were 
carburized in one load with the cycle shown in Table 4.3.
The specimens were then quenched into 66° C (150° F) oil, 
and tempered at 149° C (300° F) for one hour.









Heat 18 921 1690 0
Carburize 135 927 1700 1.05
Diffuse 135 927 1700 0.82
Equalize 30 849 1560 0.82
4.4 Surface Hardness Measurements
Three surface hardness measurements were taken on each 
fatigue specimen with the HRC scale. Hardness readings were 
taken on the side of the specimen, location A in Figure 4.3, 
that would not be in contact with the grips of the fatigue 
machine.
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Figure 4.3 Locations of surface hardness measurements (A), 
sectioning for microhardness samples (B) and 
inclusion samples (C), and x-ray analyses (B 
and C). Dimensions in millimeters.
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4.5 Carbon Gradient Measurement
A 25.4 mm (1.00 inch) diameter test bar was carburized
with the bending fatigue specimens. The Timken Company
determined the carbon gradient in the test bar. The test 
bar was tempered at 649° C (1200° F) for four hours and air 
cooled. Twelve passes were removed from the bar and the 
carbon contents of the shavings were analyzed. The carbon 
gradient was plotted with the average depth of each pass.
4.6 Microhardness Profiles
Microhardness profiles were determined in a 16 mm (0.62 
inch) diameter test bar carburized with the fatigue 
specimens and in a specimen from each heat of steel. The 
specimens were nickel plated to enhance edge retention. The 
nickel plating solution consisted of 330 g nickel sulfate,
45 g nickel chloride, and 37 g boric acid in one liter of 
distilled water. The solution was heated to 60° C (140° F) 
and the specimens were plated with a current density of 538 
amperes per square meter (50 amperes per square foot). For 
the actual specimen size, a current of 30 to 32 mA was used. 
A plating time of two hours provided sufficient plating 
thickness to protect the edge during polishing.
The fatigue specimens were sectioned close to the small 
end of the specimen at location B in Figure 4.3. Since the
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stress in this portion of the specimen was minimal, retained 
austenite most likely did not transform to martensite during 
fatigue testing. As a result, the microhardness profiles 
are representative of the specimen before any transformation 
of austenite to martensite occurred. Microhardness profiles 
were measured at three locations in a specimen from each 
heat and the average of these three tests were used in the 
microhardness plots.
4.7 Finite Element Modeling
The NIKE2D Finite Element Modeling program (58) modeled 
stresses generated during loading in the fatigue machine.
The program modeled the stresses in two dimensions in a 
vertical plane through the center of the specimen, as shown 
in Figure 4.4. The specimen was modeled as a linear-elastic 
material in plane strain. The program did not take into 
account gradients in physical properties resulting from the 
carburized layer. However, the physical property gradients 
should not significantly change the model since the specimen 
was assumed to be in the linear-elastic regime.
Figure 4.5a shows the grid used in the finite element 
model for the entire specimen. Figure 4.5b shows an 
enlarged view of the radius of the specimen. A finer grid 
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5 Finite element model grid of a) entire specimen 
and b) area of radius.
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state at that location and in order to precisely locate the 
line of maximum stress.
The model simulated gripping by restraining motion of 
the surface nodes on each end of the specimen in Figure 
4.5a. The restrained surface nodes were to the left of a 
point 9.5 mm (0.375 inch) on the top surface and left of a 
point 12.7 mm (0.50 inch) on the bottom surface of the 
specimen. The grip that held the right-hand end of the 
specimen extended 19 mm (0.75 inch) from the end. The 
stresses induced during fatigue testing were simulated by 
displacing the right-hand end of the specimen vertically. 
During the downward motion, the portion of the specimen that 
was not fixed was assumed to rotate about the radius.
4.8 Fatigue Testing
The carburized specimens were fatigue tested in the as- 
heat treated condition with a displacement-controlled 
fatigue machine operating at 1860 to 1920 rpm (31 to 32 Hz). 
The specimens were held in a cantilever configuration and 
were tested in a tension-tension mode with a minimum/maximum 
load ratio of 0.1. A gear operates in a tension-zero stress 
mode but the tension-tension mode prevents fracture surfaces 
from contacting during crack initiation and propagation 
stages of fatigue. Endurance limits were determined for
arthub LAKES library 
COLOaaDO SCHOOL at MINES 
GOLDEN, COLOSADO 80401
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each heat of steel with 2 x 105 cycles as the criterion for 
run-out.
The fatigue machine was calibrated with a strain gage 
on the line of maximum stress of a fatigue specimen. The 
line of maximum stress was found by locating strain gages at 
slightly different locations near the beginning of the 
specimen radius and with the aid of the finite element model 
discussed previously. The line of maximum stress was found 
to lie 47.62 mm (1.875 inch) from the small end of the 
fatigue specimen at the start of the specimen radius.
Strain was measured over an area and not on the line of 
maximum stress since the gage length of the strain gage was 
0.79 mm (0.031 inch).
The fatigue specimen was assumed to be in the elastic 
region. A Young's modulus of 200 GPa (29 x 106 psi) was 
used to convert strain to stress. The case and core were 
assumed to have identical Young's moduli (24).
Stress as a function of displacement was determined on 
the fatigue machine by measuring stress at displacement 
increments of 0.051 mm (0.002 inch) and is shown in Figure 
4.6. The upper and lower curves in Figure 4.6 represent 
data taken from the application of minimum to maximum 
stresses and maximum to minimum stresses, respectively. The
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increases. The minimum and maximum stresses were 118 MPa 
(17.1 ksi) and 1354 MPa (196.4 ksi), respectively. The 
minimum stress was greater than zero because the specimen 
was tested with a ratio of the minimum stress to maximum 
stress of 0.1.
Figure 4.7 shows the change in stress as a function of 
displacement and indicates that as displacement increased, 
the incremental change in stress increased. Lines A and B 
represent data taken from the application of the minimum 
stress to maximum stress and maximum stress to minimum 
stress, respectively. The greater incremental stress with 
higher displacements corresponds to the increase in slope at 
greater displacements, as shown in Figure 4.6. The increase 
in incremental stress with increasing displacement agreed 
with an FEM analysis.
4.9 Light Microscopy
Specimens were mounted to observe inclusion 
distribution, case and core microstructures, depth of 
intergranular oxidation, austenite grain size, and carbide 
content. Inclusion distribution was observed on as-polished 
transverse sections from location C (see Figure 4.3) which 
was the area of the specimen that failed during fatigue 
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Retained austenite in the case was revealed by first 
immersing the ground and polished mounts in two percent 
nital until the case was lightly etched. After rinsing and 
drying, the mounts were immersed in a solution of five grams 
of sodium metabisulfite (Na2S205) in 100 ml of water for 15 
to 20 seconds. The retained austenite appears as a white 
phase.
Depths of intergranular oxidation were measured on as- 
polished nickel plated samples with the Leco 2001 Image 
Analyzer (Software Version VI.09). A line was extended from 
the specimen surface to the maximum depth of intergranular 
oxidation at three locations in three fields of view on a 
specimen from each heat. The image analyzer measured the 
lines in microns.
Austenite grain boundaries were revealed with an 
etching solution that contained 500 ml of saturated picric 
solution in distilled water and 5 grams of sodium 
tridecylbenzene sulfonate, which is a wetting agent. Ten 
drops of hydrochloric acid were added to 100 ml of stock 
solution just before etching.
The solution was constantly agitated with an ultrasonic 
cleaner. Freshly polished samples were etched for five 
minutes. After cleaning and drying, the samples were
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lightly polished on a 0.05 micron alumina wheel to remove 
intragranular structures revealed during etching. The prior 
austenite grain boundaries were faintly visible at this 
stage. To more clearly delineate the grain boundaries, the 
etching procedure was repeated between three and five times. 
The final etch revealed a sufficient number of grain 
boundaries to determine the grain size with a lineal method. 
The etching procedure was based on information from Apple 
(59) and Vander Voort (60).
Prior austenite grain size was measured with the lineal 
intercept procedure described in ASTM Standard E 112-85
(61). Grain boundary intercepts with a 500 mm line were 
counted in twenty fields per sample at a magnification of 
250 or 320, depending on grain size. The average number of 
intercepts per field ranged from 89 to 95.
Samples were etched in a 4 percent picric solution in 
an attempt to reveal carbides. Samples were also examined 
in the as-polished condition. Carbides were not observed in 
any of the samples.
4.10 Fracture Surface Characterization
Fracture surfaces from all failed specimens were 
observed with a stereo microscope. Differences among the 
eight heats were observed and recorded. Possible crack
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initiation sites were identified and the quality of the 
specimen machining was assessed.
Fracture surfaces of between two and four specimens 
from each heat were examined on the scanning electron 
microscope (SEM). Core and case fracture morphologies and 
crack initiation sites were studied. Compositions of 
inclusions involved in crack initiation were quantified with 
the semi quantitative (SQ) system on the SEM. The SEM was 
operated at 15.0 kV with a probe current of 3 x 10‘10 
amperes.
4.11 Retained Austenite Measurements
Retained austenite was measured by Caterpillar Inc. in 
two specimens from each test heat. Surface measurements 
were taken with x-ray techniques at positions B and C in 
Figure 4.3.
The Timken Company determined retained austenite 
gradients through the case of a specimen from each steel 
type. X-ray techniques were used to take measurements at 
the surface in location C of Figure 4.3, and at depths of 
0.064 mm, 0.13 mm, 0.25 mm, 0.51 mm, 0.76 mm, 1.02 mm, and 
1.27 mm (0.0025 inch, 0.005 inch, 0.010 inch, 0.020 inch, 
0.030 inch, 0.040 inch, and 0.050 inch) after polishing 
chemically to the noted depths. Since the measurements were
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taken near the radius, the large ends of the specimens were 
removed in order to provide a flat surface to polish 
chemically. Surface measurements were taken before and 
after removal of the large end to verify that the 
measurements did not change when the end was removed.
4.12 Residual Stress Measurements
Residual stress gradients were measured by The Timken 
Company in specimens from each steel type with x-ray 
techniques. The measurements were made at the same location 





Chemical compositions of the test heats are given in 
Table 5.1. The three heats of steel type 8219 had similar 
compositions except for the sulfur levels which were 0.006, 
0.015, and 0.029 weight percent and will be referred to as 
low, medium, and high levels of sulfur, respectively. The 
three heats of steel type 8719 contained 0.002, 0.006, and 
0.011 weight percent titanium and will be referred to as 
low, medium, and high levels of titanium, respectively. The 
heat of steel type 8620 had a similar composition to steel 
type 8719.
The chemical compositions in Table 5.1 were taken from 
the quarter-sections of the steel bars. Carbon and sulfur 
contents were also measured at an area about 1.5 mm (0.059 
inch) from the surface of the bar. The portion of the 
fatigue specimen that experienced the greatest stress was in 
the radius of the fatigue specimen which was about 1.5 mm 
(0.059 inch) from the surface of the bar. The differences 
in the carbon and sulfur contents between the 
quarter-sections of the bars and the locations of the radii 
of the fatigue specimens were insignificant.
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Table 5.1 Chemical Compositions of
Test Heats (weight percent)
Steel
TvDe C Mn P S Si Cr Ni Mo Cu A1 Ti
4320 .20 .61 .012 .018 .25 .56 1.77 .26 . 19 .030 .003
8219 .20 1.40 .013 .006 .23 .61 .22 .21 .19 .024 .003
8219 .20 1.33 .011 .015 .21 .60 .31 . 19 .24 .023 .002
8219 .20 1.43 .013 .029 .23 .62 .32 .18 .21 .030 .002
8620 .23 .85 .017 .022 .26 .57 .46 .21 .20 .026 .004
8719 .22 .87 .010 .023 .26 .53 .51 .21 .20 .023 .002
8719 .22 .89 .010 .019 .24 .55 .54 .21 .18 .027 .006
8719 .22 .87 .010 .020 .29 .55 .52 .20 .19 .029 .011
Bar A .22 .87 .009 .016 .30 .56 .64 .17 .14 .029 .010
Bar B .24 .85 .019 .022 .25 .52 .44 .17 .27 .032 .016
Table 5.1 also shows the chemical compositions of two 
test bars. Both test bars were carburized with the fatigue 
specimens. The carbon gradient was measured in Bar A, which 
was a 25.4 mm (1.0 inch) diameter bar. The microhardness 
profile was determined in Bar B, which had a 16 mm (0.62 
inch) diameter.
Oxygen and nitrogen contents from each test heat are 
shown in Table 5.2. The amounts of oxygen and nitrogen did 
not vary significantly among the test heats. The test heats 
had relatively low oxygen contents which produced relatively
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few oxide inclusions.








8219 - 0.006 S 8 100
8219 - 0.015 S 10 106
8219 - 0.029 S 9 103
8620 10 87
8719 - 0.002 Ti 9 99
8719 - 0.006 Ti 10 119
8719 - 0.011 Ti 11 117
type 4320 is used almost exclusively
carburizing applications in heavy-duty, heavy section gears 
due to high hardenability and has good forgeability and 
weldability, but relatively poor machinability. Steel type 
8620 has reasonably high hardenability, fairly good 
machinability, and excellent forgeability and weldability
(62). Steel types 8219 and 8719 are proprietary steel 
grades of The Timken Company and are used primarily in 
bearing applications.
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5.2 As-received Microstructures and Hardnesses
Figure 5.1 shows representative micrographs of as- 
received steel bars. Figure 5.1a is from a sample of steel 
type 8219 with low sulfur and is representative of the heats 
of steel type 8219 with medium and high sulfur. The 
microstructure of steel type 8219 consists of 
allotriomorphic ferrite, Widmanstatten ferrite, and fine 
pearlite. Figures 5.1 b, c and d are from samples of steel 
type 8719 and have low, medium, and high titanium, 
respectively. The dark regions in Figure 5.1b contain 
pearlite and Widmanstatten ferrite whereas the dark regions 
in Figure 5.1 c and d are entirely pearlite. The 
Widmanstatten ferrite indicates the heat of steel type 8719 
with low titanium was cooled faster than the heats of steel 
type 8719 with medium and high titanium.
Figure 5.1e shows the as-received microstructure of 
steel type 4320 which contains Widmanstatten ferrite and 
small islands of pearlite. The microstructures of steel 
types 8219 and 4320 are similar except for a difference in 
allotriomorphic ferrite. Steel type 4320 does not contain 
allotriomorphic ferrite due to higher hardenability than 
steel type 8219.
Figure 5.If shows the as-received microstructure of 
steel type 8620 which consists of ferrite and pearlite. The
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Figure 5.1 Micrographs from as-received steel types a) 8219 
with low sulfur, b) 8719 with low titanium, c) 
8719 with medium titanium, d) 8719 with high 
titanium, e) 4320, and f) 8620.
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microstructures of steel type 8620 and steel type 8719 with 
medium and high titanium were similar.
Table 5.3 gives average hardness measurements of 
samples from each as-received heat. Hardness measurements 
were taken at three locations on two slices from each heat 
on the HRB scale. Steel types 4320 and 8219 had identical 
hardnesses, which corresponds to their similar 
microstructures. Similar hardnesses were measured in steel 
type 8620 and steel types 8719 with medium and high 
titanium. The heat of steel type 8719 with low titanium had 
a higher hardness than the other heats of steel type 8719 
which agrees with the observations of the microstructures.






8219 - 0.006 S 
8219 - 0.015 S 





8719 - 0.002 Ti 
8719 - 0.006 Ti 





5.3 Surface Hardness Measurements
Table 5.4 contains average surface hardness 
measurements and standard deviations of the hardness 
measurements of carburized specimens from each heat. Table
5.4 also contains average hardness measurements and standard 
deviations of the three heats of steel type 8219 and the 
three heats of steel type 8719. The hardnesses varied from 
62.8 to 63.8 HRC among the eight test heats and are typical 
hardnesses for quench and tempered carburized parts. The 
heat to heat variations were not significant.




Steel TvDe (HRC) Deviation
4320 62.8 0.25
8219 - 0.006 S 63.2 0.47
8219 - 0.015 S 62.9 0.38
8219 - 0.029 S 62.8 0.30
All 8219 heats 63.0 0.43
8620 63.8 0.26
8719 - 0.002 Ti 63.8 0.30
8719 - 0.006 Ti 63.7 0.34
8719 - 0.011 Ti 63.8 0.25
All 8719 heats 63.8 0.30
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5.4 Carbon Gradient Measurement
Figure 5.2 shows the carbon gradient in a test bar 
carburized with the fatigue specimens. The average carbon 
level from the surface to a depth of 0.051 mm (0.002 inch) 
was 0.83 weight percent which was within the aim surface 
carbon level of 0.82 + 0.02 weight percent.
5.5 Microhardness Profiles
Figure 5.3 shows the microhardness profile in a test 
bar carburized with the fatigue specimens and Figures 5.4, 
5.5, and 5.6 show microhardness profiles in fatigue 
specimens from the eight heats of steel. The effective case 
depth was defined as the depth below the surface where the 
hardness was 513 HV (50 HRC). Table 5.5 contains 
microhardness measurements 0.020 mm (0.00079 inch) from the 
surfaces, effective case depths, and core microhardness 
measurements for the test bar and eight test heats.
Effective case depths varied from 1.25 mm (0.049 inch) to 
1.53 mm (0.060 inch) and did not depend on alloy content.
The case depth of the test bar was less than the case depths 
in the test heats. The core hardness measurements in the 
fatigue specimens ranged from 44.8 to 47.1 HRC.
Figure 5.7 shows the data points from the eight test 
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Figure 5.2 Carbon gradient in a 25.4 mm (1.0 inch) 
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Figure 5.3 Microhardness profile of 16 mm (0.62 inch) 
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Figure 5.4 Microhardness profiles from fatigue
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Figure 5.5 Microhardness profiles from fatigue
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Figure 5.6 Microhardness profiles from fatigue specimens
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Figure 5.7 Microhardness profiles from test bar (solid
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hardness near the surface of the test bar was higher than in 
any of the test heats and the hardness profile through the 
case of the bar was below the profiles in the fatigue 
specimens. This latter difference may be due to the 
relatively low hardenability of the 8620 steel and increased 
transformation to nonmartensitic microstructures in the 
heavy section test bar compared to the small fatigue 
specimens.
Table 5.5 Microhardness Data from Test Bar 
and Fatigue Specimens
Hardness Effective
0.02 mm Case Core
from surface Depth Hardness
SamDle HV HRC mm inch HV HRC
Test Bar 809 64.3 1.22 0.048 431 43.7
4320 742 61.8 1.32 0.052 472 47.1
8219 - 0.006 S 767 62.8 1.38 0.054 458 46.0
8219 - 0.015 S 747 62.0 1.33 0.053 444 44.8
8219 - 0.029 S 723 61.1 1.53 0.060 451 45.4
8620 747 62.0 1.45 0.057 468 46.8
8719 - 0.002 Ti 783 63.4 1.25 0.049 460 46.2
8719 - 0.006 Ti 778 63.2 1.40 0.055 460 46.2
8719 - 0.011 Ti 747 62.0 1.35 0.053 460 46.2
5.6 Finite Element Model Results
Figure 5.8 shows the stresses along the length of the
entire specimen calculated by the finite element model. The
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A =-100 ksi E = 100 ksi
B = -50 ksi F = 150 ksi
C 0 ksi G - 200 ksi
D = 50 ksi
------------------L




Figure 5.8 Stress contours (ksi) generated by finite 
element model for a) entire specimen 
and b) area of radius.
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lines represent isostress contours, in units of ksi, at the 
given stress levels. During bending, tensile stresses exist 
above the neutral axis and compressive stresses exist below 
the neutral axis. The stresses in Figure 5.8 were generated 
by simulating a downward movement of 0.76 mm (0.03 inch) of 
the right-hand end of the specimen. Figure 5.8b shows the 
stresses along the specimen length in the region of the 
radius. The arrow in Figure 5.8b indicates the location of 
maximum stress as determined by the finite element model.
The locations of maximum stress determined by the model and 
strain gages were in close agreement.
5.7 Fatigue Performance
Figures 5.9, 5.10, and 5.11 show data points and S-N 
curves for steel type 8219 with low, medium, and high levels 
of sulfur, respectively. The data points with arrows 
indicate run-out. As the sulfur level increased, the 
scatter in the data increased. Most specimens failed at 
relatively low stresses in the 8219 steel with high sulfur, 
but some specimens with high sulfur had run-outs at the same 
stress levels as the low sulfur heat. Figure 5.12 
summarizes the fatigue data for steel type 8219 by showing 
the S-N curves from Figure 5.9, 5.10, and 5.11, and 




































































































































»Ha>a>44 •COM3U «W0 «H«u 3(0<D> 44V4c3 a)U oM2 <DI acn44•a £c O'(0 *Ha><0 £44(0 a>




































Seven specimens of steel type 8219 with low sulfur were 
tested at 1355 MPa (196.5 ksi) in order to measure 
reproducibility of fatigue performance in low-cycle fatigue. 
The seven specimens were randomly distributed among twenty 
other specimens tested at the same stress level. Table 5.6 
contains the cycles to failure of the seven specimens in the 
order of testing. The results are also plotted in Figure 
5.9. Six of the specimens failed at between 20/000 and 
32/500 cycles. The reproducibility was reasonably good.
Table 5.6 Cycles to Failure of Specimens of 
Steel Type 8219 with 0.006 weight 











Figures 5.13, 5.14, and 5.15 show data points and S-N 
curves for steel type 8719 with low, medium, and high levels 
of titanium, respectively. The fatigue data for steel type 
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Figures 5.14 and 5.15, respectively, had significant 
scatter. Run-out occurred at relatively high stress levels, 
but specimens also failed at these stress levels. Figure 
5.16 summarizes the fatigue data for steel type 8719 by 
showing the S-N curves from Figures 5.13, 5.14, and 5.15.
The heats of steel type 8719 with 0.002 and 0.006 weight 
percent titanium had similar levels of fatigue resistance.
Figures 5.17 and 5.18 show data points and S-N curves 
for steel types 4320 and 8620, respectively. Run-out 
occurred in a specimen of steel type 4320 tested at a 
maximum stress of 1355 MPa (196.5 ksi), but other specimens 
of steel type 4320 tested at or below that stress level 
failed. Figure 5.19 shows the S-N curves for steel types 
4320 and 8620, and indicates that fatigue resistance in 
steel type 4320 was greater than in steel type 8620.
Table 5.7 presents the endurance limits from the S-N 
curves from the test heats. Endurance limits varied from 
1010 MPa (147 ksi) to 1260 MPa (183 ksi). The highest 
endurance limit occurred in the heat of steel type 8219 with 
0.006 weight percent sulfur. The lowest endurance limit was 
found in the heat of steel type 8219 with 0.029 weight 
percent sulfur. Some specimens failed prematurely due to 
poorly rounded corners on the specimens or corner-initiated 
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effects and modifications to the S-N curves are presented.
Table 5.7 Endurance Limits of Test Heats
Endurance Limit 
Steel Type MPa______ ksi
4320 1230 178
8219 - 0.006 S 1260 ' 183
8219 - 0.015 S 1170 170
8219 - 0.029 S 1070 155
8620 1010 147
8719 - 0.002 Ti 1170 170
8719 - 0.006 Ti 1170 170
8719 - 0.011 Ti 1070 155
5.8 Inclusions
Micrographs of inclusions from the three heats of steel 
type 8219 are shown in Figure 5.20. As the amount of sulfur 
increases, the number and size of manganese sulfide 
inclusions increase. Figure 5.21 shows micrographs of 
inclusions from the three heats of 8719 type steel. These 
three heats have similar amounts of sulfur and, therefore, 
have similar levels of inclusions. The inclusion in the 
upper left corner of Figure 5.21c most likely contains 
titanium as evidenced by the angular shape and gold color. 
Figure 5.22 shows representative inclusion morphologies from 
the heats of 4320 and 8620 steels. The inclusions are 
primarily manganese sulfides.
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Figure 5.20 Micrographs of inclusions in steel type 8219 
with a) 0.006/ b) 0.015, and c) 0.029 weight 





Figure 5.21 Micrographs of inclusions in steel type 8719 
with a) 0.002, b) 0.006, and c) 0.011 weight 




Figure 5.22 Micrographs of inclusions in steel types 
a) 4320 and b) 8620, 200 X.
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5.9 Microstructures of Carburized Specimens
Figure 5.23 shows representative core microstructures 
consisting of lath martensite. Figure 5.23a is a sample 
from the heat of steel type 8719 with high titanium and is 
similar to the other two heats of steel type 8719. Figure 
5.23b shows a characteristic core microstructure from steel 
type 8219 with medium sulfur. The two additional heats of 
steel type 8219 had comparable core microstructures. Figure 
5.23 c and d contain micrographs of steel types 4320 and 
8620, respectively. These microstructures are typical for 
quenched and tempered steels.
Table 5.8 presents austenite grain sizes for the eight 
test heats. The heat of steel type 8620 had the smallest 
austenite grain size and the heat of 8219 with high sulfur 
had the largest austenite grain size. Figures 5.24 a and b 
show austenite grain boundaries in steel type 8719 with 
medium titanium at magnifications of 250 and 500, 
respectively.
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Figure 5.23 Representative micrographs of core
microstructures from steel types a) 8719 
with high titanium, b) 8219 with medium 
sulfur, c) 4320, and d) 8620, 500 X.
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Figure 5.24 Micrographs of austenite grain boundaries in 
steel type 8719 with medium titanium at 
magnifications of a) 250 X and b) 500 X.
T-3849 121








4320 8.4 17 .5
8219 - 0.006 S 7.8 22.0
8219 - 0.015 S 7.3 25.5
8219 - 0.029 S 7.1 27.0
8620 8.9 14.5
8719 - 0.002 Ti 7.9 20.5
8719 - 0.006 Ti 8.5 16.5
8719 - 0.011 Ti 8.5 16.5
Figure 5.25 shows representative case microstructures. 
The upper layer in each micrograph is nickel plating.
Figure 5.25 a and b are from the surfaces of carburized 
specimens of steel type 8219 with low sulfur and 4320, 
respectively. The microstructures consist of retained 
austenite, which is white in the micrographs, and 
martensite, which is a mixture of lath and plate martensite 
due to a carbon level of about 0.8 weight percent near the 
surface. The case microstructures in the eight test heats 
were similar.
5.10 Interoranular Oxidation
Figure 5.26 shows intergranular oxidation products on 
austenite grain boundaries. The top layer in Figures 5.26 a 
and b is nickel plating which enhanced edge retention. The
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Figure 5.25 Representative micrographs of case
microstructures from steel types a) 8219 
with low sulfur, and b) 4320, 1000 X.
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Figure 5.26 Micrographs of intergranular oxidation 
products. a) Steel type 8719 with low 
titanium, and b) steel type 4320, 1000 X.
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specimens are as-polished. Figure 5.26a is from steel type 
8719 with 0.002 titanium and represents a typical 
intergranular oxidation depth. Figure 5.26b is from steel 
type 4320 and shows the maximum observed depth of 
intergranular oxidation. The depth of intergranular 
oxidation shown in Figure 5.26b was not typical for steel 
type 4320 which had a relatively small amount of 
intergranular oxidation. Intergranular oxidation products 
with lamellar structures were observed with the SEM, similar 
to observations by Van Thyne (63).
Table 5.9 contains average depths of intergranular 
oxidation in the test heats. As discussed previously, it 
has been suggested that intergranular oxidation products do 
not affect crack initiation if the depth is less than 13 
microns. Depths of intergranular oxidation did not 
correlate with endurance limits which shows that 
intergranular oxidation did not control crack initiation. 
Also, SEM observations of crack initiation areas associated 
with transgranular crack propagation showed that crack 
initiation was not related to intergranular oxides.
Chatterjee-Fischer (44) observed that the amount of silicon 
controlled the depth of intergranular oxidation, while 
chromium has been shown to be associated with more general 
surface oxidation (63). The test heats most likely had
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similar depths of intergranular oxidation because of similar 
silicon levels.
Table 5.9 Intergranular Oxidation Depths
Steel Type
4320
8219 - 0.006 S 
8219 - 0.015 S 
8219 - 0.029 S
8620
8719 - 0.002 Ti 
8719 - 0.006 Ti 






















5.11 Fracture Surface Characterization
5.11.1 Stereo Microscope Observations
Table 5.10 contains data from fracture surface 
observations of failed specimens examined with a stereo 
microscope. The third column indicates the number of 
specimens in each heat that had corners that were not 
smoothly rounded. Figures 5.27 a and b show examples of a 
well-rounded corner and a poorly rounded corner, 
respectively. A previous study (56) showed that square 
corners lead to high carbon concentrations at the corners 
where cracks initiate easily. The poorly rounded corners
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Figure 5.27 Fractographs of a) a well-rounded specimen 
corner, and b) a poorly rounded specimen 
corner, 100 X.
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also concentrate stress which makes crack initiation at the 
corners more favorable.
















4320 12 7 3 3
8219 - 0.006 S 11 2 5 1
8219 - 0.015 S 12 3 6 3
8219 - 0.029 S 15 4 3 0
8620 14 10 8 4
8719 - 0.002 Ti 13 5 4 2
8719 - 0.006 Ti 11 3 7 1
8719 - 0.011 Ti 15 6 10 5
The fourth column of Table 5.10 lists the number of 
specimens in each heat that had cracks initiate at a corner. 
Cracks that initiate at corners were most likely the result 
of a metallurgical defect, such as carbides on grain 
boundaries, or stress concentration, and are not 
representative of the materials's fatigue properties. The 
fifth column of Table 5.10 indicates the number of specimens 
in each heat that had both a poorly rounded corner and a 
crack initiation site at a corner. Cracks initiated even at 
well rounded corners, most frequently at inclusion particles 
which intersected the corners.
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Figure 5.28 shows representative fracture surfaces from 
selected test heats. The specimens in Figure 5.28 were 
tested at maximum stress levels between 1176 MPa (170.6 ksi) 
and 1265 MPa (183.4 ksi).
Figures 5.28 a, b, and c are from specimens of 8219 
with low, medium, and high sulfur levels, respectively. The 
area of relatively fine fracture near the surface of each 
specimen indicates the location of the case. Figures 5.29 a 
and b are micrographs from cores of steel type 8219 with low 
and high sulfur, respectively, and show that the number and 
size of manganese sulfide (MnS) inclusions increased as 
sulfur level increased. As a result of more numerous and 
larger MnS inclusions, more fibrous fracture occurred as the 
sulfur level increased.
Figures 5.28 b and c show poorly rounded and well- 
rounded corners, respectively. The specimens in Figure 5.28 
b and c show the importance of the quality of corner 
roundness. Both specimens were tested at maximum stresses 
of 1206 MPa (174.8 ksi). The specimen of steel type 8219 
with medium sulfur, Figure 5.28b, failed after 39,800 cycles 
while the specimen of steel type 8219 with high sulfur 
failed after 85,200 cycles. The initiation sites in Figure 
5.28 b and c are the light areas in the upper right corners 
of the specimens. The specimen with the poorly rounded
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Figure 5.28 Representative fracture surfaces from steel
type 8219 with a) low, b) medium, and c) high 
sulfur, and d) steel type 4320, 7.5 X.
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Figure 5.29 Micrographs of core fractures from steel 
type 8219 with a) 0.006 weight percent 
sulfur and b) 0.029 weight percent sulfur, 
showing differences in the size and number 
of manganese sulfide inclusions, 500 X.
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corners had corner-initiated cracks and failed at 
significantly fewer cycles than the specimen with high 
sulfur with a crack initiation site away from the corners.
In this example, the effect of poorly rounded corners had a 
stronger influence on fatigue performance than sulfur level.
Figure 5.28d shows the fracture surface of a specimen 
of steel type 4320. The specimen of 4320 steel shown in 
Figure 5.28d and specimens of steel types 8719 with low, 
medium, and high titanium, and 8620 had similar fracture 
surfaces. The sulfur levels were similar in these heats 
and, therefore, the core fracture surfaces, characterized by 
a significant degree of fibrous fracture, were comparable.
5.11.2 Specimens of Steel Type 8219 with Low Sulfur
Fatigue crack initiation sites in specimens of steel 
type 8219 with 0.006 weight percent sulfur examined on the 
SEM were not associated with inclusions. The specimens had 
relatively large areas of case transgranular fracture which 
was most likely due to the low sulfur content. The low 
sulfur level resulted in relatively few MnS inclusions of 
small size. Consequently, the probability of a MnS 
inclusion initiating fatigue by concentrating stress was 
relatively low.
A specimen of steel type 8219 with low sulfur was 
tested at a maximum stress of 1355 MPa (196.5 ksi) and
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failed after 26,700 cycles. The site of crack initiation 
and stable propagation was in the shape of a semicircle 
extending into the specimen, shown in Figure 5.30a. This 
area, which formed during stable crack growth, contained 
several grains of intergranular fracture at the center of 
the semicircular transgranular fracture region and is 
typical of fatigue crack initiation in high-strength steels. 
When stable transgranular crack propagation created a 
critical crack size, overload fracture occurred. Typically, 
the overload fracture was intergranular. Inclusions were 
not involved in the fracture initiation of the 8219 steel 
with low sulfur.
Another specimen with low sulfur, also tested at a 
maximum stress of 1355 MPa (196.5 ksi), failed after 79,900 
cycleis and had two crack initiation sites. Inclusions were 
not involved at either of the two crack initiation sites. 
Figure 5.30b shows the center of one of the crack initiation 
sites. Both crack initiation sites had several grains of 
intergranular fracture at the surface surrounded by 
transgranular failure. A ratchet mark that formed between 
the two crack initiation sites confirmed the presence of 
multiple crack initiation sites.
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Figure 5.30 Fractographs of crack initiation sites 
in a specimen of steel type 8219 with 
0.006 weight percent sulfur at a) 100 X 
and b) 1000 X.
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5.11.3 Specimens of Steel Type 8219 with Medium Sulfur
Several fatigue cracks initiated at MnS inclusions in 
specimens of steel type 8219 with 0.015 weight percent 
sulfur. Other cracks were not associated with inclusions, 
as in steel type 8219 with low sulfur.
A specimen of steel type 8219 with medium sulfur was 
tested at 1306 MPa (189.4 ksi) and failed after 37,900 
cycles. There were two crack initiation sites in the 
specimen. A crack initiation site on a radius was 
surrounded by a zone of primarily transgranular fracture 
shown in Figure 5.31a. The area of Figure 5.31a indicated 
by an arrow is shown in Figure 5.31b. The particles between 
the arrows in the depression in Figure 5.31b contained high 
levels of chromium and manganese with traces of aluminum, 
silicon, phosphorus, and titanium. The inclusions were near 
the top of the specimen where the maximum stresses were 
located and were most likely oxides.
A significant amount of intergranular fracture occurred 
in the vicinity of the inclusions near the surface. It 
appears that the inclusions acted as stress concentrators 
which promoted both intergranular and transgranular fracture 
around the inclusions. The area of initial fracture then 
formed the larger area of transgranular fracture shown in 
Figure 5.31a.
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Figure 5.31 Fractographs from specimens of steel type 8219 
with 0.015 weight percent sulfur. a) Crack 
initiation site at corner, 100 X, and b) same 
area as in (a) at a magnification of 750 X.
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The other initiation site in the specimen was similar 
in shape and size to the crack initiation site in Figure 
5.30a. An inclusion was at the center of the initiation 
zone. The inclusions in the depression near the surface 
contained high levels of chromium and manganese with traces 
of silicon, phosphorus, titanium, and aluminum. The 
particles were most likely oxides since all the identified 
elements oxidize readily except for phosphorus. The 
inclusion was about 3 microns from the surface which 
dramatically intensified stress during fatigue testing.
Another specimen of steel type 8219 with medium sulfur 
was tested at a maximum stress of 1265 MPa (183.4 ksi). The 
specimen, which failed after 44,500 cycles, had well-rounded 
corners. Cracks initiated at the beginning of the radii on
each side of the specimen, but were not associated with
inclusions.
5.11.4 Specimens of Steel Type 8219 with High Sulfur
All fatigue cracks in specimens of steel type 8219 with
0.029 weight percent sulfur initiated at MnS inclusions.
MnS inclusions, which were associated with fatigue crack 
initiation, became sites for transgranular crack propagation 
and influenced the mode of fracture. For example, several 
specimens fractured in an intergranular mode from the 
surface to a MnS inclusion, but fractured in a transgranular
T-3849 137
mode beyond the MnS inclusion.
A specimen of steel type 8219 with high sulfur was 
tested at a maximum stress of 1233 MPa (178.8 ksi) and 
failed after 26,000 cycles. The crack initiation area is 
shown in Figure 5.32a and extends to a depth of about 160 
microns. Figure 5.32b shows the center of the crack 
initiation area. The remains of the inclusions were 
identified as MnS inclusions and are indicated with arrows 
in Figure 5.32b. The crack initiated at the inclusion near 
the surface on the right side of the fractograph. The edge 
of the inclusion closest to the surface is 9 microns from 
the surface and the inclusion width is 5 microns. 
Intergranular fracture occurred until the crack reached the 
next inclusion. A transgranular mode of fracture began 
below the second inclusion. The balance of the fatigue 
crack occurred by a transgranular mode until a critical 
crack size created an overload condition.
A fatigue crack in another specimen of steel type 8219 
with high sulfur was also associated with MnS inclusions.
The specimen failed after 13,600 cycles at a maximum stress 
level of 1355 MPa (196.5 ksi). A cluster of MnS inclusions 
was located at the center of the crack initiation site. The 
MnS inclusion closest to the surface was 16 microns from the 
surface and 4 microns wide.
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Figure 5.32 Fractographs from specimens of steel type 8219 
with 0.029 weight percent sulfur, a) Crack 
initiation site, 250 X, and b) center of crack 
initiation area shown in (a) at 1000 X.
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A specimen of steel type 8219 with high sulfur tested 
at a maximum stress of 1176 MPa (170.6 ksi) failed after 
32,400 cycles due to a fatigue crack that initiated at MnS 
inclusions, similar to the previous two specimens. This 
specimen had a cluster of MnS inclusions at the surface 
extending to a depth of about 100 microns.
5.11.5 Specimens of Steel Type 8719 with Low Titanium
Most of the fatigue crack initiation sites in specimens 
of steel type 8719 with 0.002 weight percent titanium 
examined on the SEM were associated with MnS inclusions.
The crack initiation area in one specimen was relatively 
large and was not related to inclusions. This specimen, 
which was tested at 1206 MPa (174.8 ksi), failed after 
187,300 cycles and indicates that resistance to fatigue 
increases dramatically if inclusions are not involved in 
crack initiation.
Figure 5.33a shows a crack initiation site in a 
specimen from steel type 8719 with low titanium. The 
initiation area had several grains of intergranular fracture 
at the center of the semicircle in Figure 5.33a. Inclusions 
were not present at the initiation site. The intergranular 
fracture was surrounded by a semicircular area of 
transgranular fracture. This specimen contained two other 
crack initiation sites which were associated with MnS
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Figure 5.33 Fractographs from specimens of steel type 8719 
with 0.002 weight percent titanium. a) Crack 
initiation site without inclusions, 250 X, 
b) crack initiation site with inclusions, 1000 
X, and c) inclusion not involved in crack 
initiation, 1000 X.
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inclusions. The specimen was tested at a maximum stress of 
1306 MPa (189.4 ksi) and failed after 10,000 cycles.
A specimen of steel type 8719 with low titanium, tested 
at 1265 MPa (183.4 ksi), failed after 12,700 cycles. The 
semicircle around the crack initiation site was not well 
defined because there were numerous MnS inclusions at the 
surface as shown in Figure 5.33b. The inclusions spread the 
crack initiation area since the inclusions were elongated, 
resulting in a longer, shallower crack initiation area.
Figure 5.33c is from the same specimen as Figure 5.33b. 
Both fractographs were taken at a magnification of 1000.
The MnS inclusion in Figure 5.33c did not initiate a crack 
as evidenced by intergranular fracture around the inclusion. 
If an inclusion is sufficiently small or relatively far from 
the surface, it will not initiate a fatigue crack.
5.11.6 Specimens of Steel Type 8719 with Medium Titanium 
Most fatigue cracks in specimens of steel type 8719 
with 0.006 weight percent titanium were associated with MnS 
inclusions. One specimen that did not have inclusions in 
the initiation area contained scratches on the prepared 
surface that initiated fatigue cracks.
Figure 5.34a, taken from a specimen of steel type 8719 
with medium titanium, shows the effect of inclusions near
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Figure 5.34 Fractographs from specimens of steel type 8719 
with 0.006 weight percent titanium, 
a) inclusions near surface with intergranular 
fracture between surface and inclusion, and 
transgranular fracture below inclusion, 2000 X, 
and b) fracture surface at 12 X.
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the surface. The specimen was tested at a maximum stress of 
1355 MPa (196.5 ksi) and failed after 17,300 cycles. 
Intergranular fracture occurred from the surface to the 
inclusions. It is suggested that the intergranular fracture 
stopped at the inclusion because the stress decreased as the 
distance from the surface increased. The inclusion 
concentrated stress which initiated transgranular fracture. 
The arrows in Figure 5.34a indicate inclusions that were 
identified as MnS.
Another specimen of steel type 8719 with medium 
titanium had crack initiation sites in the rounded corners. 
Inclusions were involved with crack initiation on one 
corner, but were not involved in crack initiation on the 
other corner. The dark areas on the top surface near the 
beginning of the rounded corners in Figure 5.34b are areas 
of crack initiation. The cracks initiated on different 
planes as evidenced by the large ratchet mark on the right 
side of Figure 5.34b.
A specimen tested at a maximum stress of 1206 MPa 
(174.8 ksi) failed after 12,300 cycles, which was the lowest 
number of cycles of any specimen in the heat. Since 
specimens tested at stress levels of up to 1359 MPa (197.0 
ksi) failed after a higher number of cycles, the specimen
was examined. Several scratches on the prepared surface
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were observed. A semicircular zone of transgranular 
fracture identified the area as a crack initiation site.
The scratches produced a long transgranular zone that caused 
premature failurie.
5.11.7 Specimens of Steel Type 8719 with High Titanium
Crack initiation sites in specimens of steel type 8719 
with 0.011 weight percent titanium formed for different 
reasons. Two specimens contained crack initiation sites at 
MnS inclusions. The crack initiation area in one specimen 
was not associated with inclusions, and, as a result, the 
specimen had relatively good fatigue resistance. A fatigue 
crack in another specimen initiated at a subsurface cluster 
of particles with high levels of aluminum.
Figure 5.35a is from a specimen of steel type 8719 with 
high titanium tested at 1176 MPa (170.6 ksi) that failed 
after 23,500 cycles. The intersection of the inclusion with 
the surface is shown in Figure 5.35b. Intergranular 
fracture occurred from the surface above the inclusions to 
the inclusions. The failure was transgranular around the 
inclusions. The elongated particle labelled A in Figure 
5.35b is a MnS inclusion. The MnS inclusions are most 
likely the only inclusions of sufficient size to affect 
fatigue performance by concentrating stress. The inclusion 
labelled B in Figure 5.35b contains high levels of
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Figure 5.35 Fractographs from specimens of steel type 8719 
with 0.011 weight percent titanium, a) Crack 
initiation site at a corner, 100 X, b) crack 
initiation site shown in (a) at 1000 X, and 
c) subsurface crack initiation site, 1000 X.
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manganese, chromium, and titanium, with traces of silicon 
and aluminum. No other inclusions have significant amounts 
of titanium. The inclusion labelled C contains a high level 
of silicon.
Inclusions were present in a zone of transgranular 
fracture in a specimen of steel type 8719 with high titanium 
tested at 1107 MPa (160.5 ksi) that failed after 24,300 
cycles. The inclusions were 16 microns from the surface and 
consisted primarily of MnS. Several of the inclusions 
contained manganese, chromium, and silicon. None of the 
inclusions contained significant amounts of titanium.
Another specimen of steel type 8719 with high titanium 
that failed at an inclusion near the surface was 
investigated. As in the previous specimen, none of the 
inclusions associated with the fatigue crack contained 
significant amounts of titanium.
Figure 5.35c shows a subsurface crack initiation site 
in a specimen of steel type 8719 with high titanium tested 
at 1233 MPa (178.8 ksi) that failed after 1,636,300 cycles. 
The inclusions consist primarily of aluminum and are most 
likely alumina. The high number of cycles prior to failure 
was the result of the subsurface location of the inclusions. 
Stress reaches a maximum at the surface and decreases as the 
distance from the surface increases. Consequently, the rate
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of crack growth below the surface is slower than crack 
growth at the surface. The inclusions are surrounded by an 
area of transgranular fracture that formed slowly. Once a 
critical crack size was reached, overload occurred which was 
in an intergranular mode. This specimen had the only 
subsurface initiation site among the specimens from the 
eight test heats.
5.11.8 Specimens of Steel Type 4320
Manganese sulfide inclusions were not associated with 
any of the crack initiation sites in specimens of steel type 
4320 examined on the SEM. An initiation site was identified 
that contained a significant number of inclusions with 
elements that have strong oxidation potentials.
Figure 5.36a shows the center of a crack initiation 
site in a specimen of steel type 4320 tested at a maximum 
stress of 1265 MPa (183.4 ksi) that failed after 56,000 
cycles. Inclusions were not associated with crack 
initiation. The characteristic type of failure occurred 
with several grains near the surface failing in an 
intergranular mode followed by transgranular failure.
Another specimen of steel type 4320 tested at 1265 MPa 
(183.4 ksi) failed after 1,613,900 cycles. The crack 
initiation area was less distinct and larger than in the 
specimen that failed after 56,000 cycles. The center of the
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Figure 5.36 Fractographs of specimens from steel type 4320.
a) Crack initiation site without inclusions, 
1000 X, b) crack initiation site left of 
ratchet mark without inclusions, 1000 X.
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crack initiation area in the specimen that failed after 
1,613,900 cycles had several grains of intergranular 
fracture at the surface and was surrounded by transgranular 
fracture. Inclusions were not involved in the crack 
initiation which was similar to the initiation site in the 
specimen of steel type 4320 discussed previously.
Another specimen of steel type 4320 was tested at a 
maximum stress of 1355 MPa (196.5 ksi) and failed after
23,800 cycles. A ratchet mark was located in the center of 
the top surface indicating multiple crack initiation sites. 
Crack initiation sites were identified on each side of the 
ratchet mark. Inclusions were not involved in crack 
initiation to the left of the ratchet mark as shown in 
Figure 5.36b.
Numerous particles with angular shapes were within 15 
microns of the surface in the crack initiation area to the 
right of the ratchet mark. Two particles had high levels of 
manganese and chromium with traces of aluminum, silicon, 
calcium, nickel, and copper. Two other particles had 
significant levels of manganese, chromium, and aluminum with 
traces of phosphorus, sulfur, calcium, titanium, nickel, and 
copper. One particle contained a high level of aluminum 
with traces of manganese, chromium, phosphorus, titanium, 
and copper. Considering the close proximity of the
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particles to the surface and the high affinity of the 
measured chemical components to oxygen, it is assumed that 
the particles were oxides.
A specimen of steel type 4320 tested at a maximum 
stress of 1355 MPa (196.5 ksi) failed after 129,000 cycles. 
Fatigue cracks were initiated along one radius. There were 
many areas along the radius where fatigue cracks appear to 
have been initiated as evidenced by several grains of 
intergranular fracture at the surface surrounded by 
transgranular fracture. The numerous initiation sites 
eventually produced a crack of sufficient size to produce an 
overload condition. Inclusions were not involved in crack 
initiation.
5.11.9 Specimens of Steel Type 8620
Three of four specimens of steel type 8620 that were 
examined on the SEM contained MnS inclusions at crack 
initiation sites. The other specimen contained a large area 
of transgranular fracture and an area with particles 
consisting of elements that oxidize readily.
Figure 5.37a shows the crack initiation site in a 
specimen of steel type 8620 tested at a maximum stress of 
1070 MPa (155.2 ksi) that failed after 39,200 cycles. The 
area between the surface and inclusion is intergranular 
fracture. The specimen failed in a transgranular mode below
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Figure 5.37 Fatigue crack initiation sites associated 
with inclusions in specimens of steel type 
8620 at a) 1500 X, and b) 2000 X.
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the inclusion and around the intergranular fracture. The 
inclusion in Figure 5.37a is a section of a cluster of 
inclusions about 20 microns below the surface which extends 
a total length of 510 microns (0.02 inch). Eight analyses 
of chemical composition identified the cluster of inclusions 
as MnS. A fatigue crack initiated at the string of MnS 
inclusions.
Another specimen from steel type 8620 was tested at a 
maximum stress of 1176 MPa (170.6 ksi) and failed after
29,800 cycles. Figure 5.37b shows the crack initiation 
site. Unlike the specimen discussed in the previous 
paragraph, the initial intergranular fracture extended below 
the inclusion. Transgranular fracture then surrounded the 
intergranular fracture until a critical size was reached and 
overload fracture occurred. The inclusion was identified as 
MnS.
A specimen of steel type 8620 that was tested at 1070 
MPa (155.2 ksi) did not have MnS inclusions associated with 
a crack initiation area. As a result, the fatigue 
resistance was relatively high and the specimen failed after 
417,700 cycles. One initiation site in the specimen was a 
large area of transgranular fracture without inclusions. 
Another initiation site contained a significant number of 
inclusions with elements that have high oxidation
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potentials.
5.12 Retained Austenite Measurements
Table 5.11 displays the amount of surface retained 
austenite in the eight test heats. Retained austenite 
varied from 19.0 to 26.6 percent by volume at the surfaces 
in specimens from the eight test heats. The highest 
measured level of retained austenite was found in steel type 
4320 which contained 1.8 weight percent nickel.
Table 5.11 Retained Austenite Levels at 




8219 - 0.006 S 22.7
8219 - 0.015 S 21.7
8219 - 0.029 S 19.9
8620 24.1
8719 - 0.002 Ti 19.7
8719 - 0.006 Ti 19.0
8719 - 0.011 Ti 19.8
Measurements of retained austenite gradients are shown 
in Figure 5.38. The highest levels of retained austenite 
ranged from 30.7 to 38.7 percent and were located 0.064 mm 
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Figure 5.38 Retained austenite gradients in four 
test heats.
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gradients in the different steel types did not vary 
significantly. In this study, there was not sufficient 
variation in retained austenite levels to determine the 
effect of retained austenite.
5.13 Residual Stress Measurements
Residual stress measurements are presented in Figure 
5.39. All measured residual stresses were compressive. The 
specimen of steel type 8219 contained the highest overall 
residual stress level, followed by specimens of steel types 
8719, 4320, and 8620. In bending fatigue tests, the level 
of residual stress is most critical at the specimen surface 
with the highest stress. The residual stress levels at the 
specimen surfaces did not correlate with endurance limits. 
The variations in residual stress levels in this study were 
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Figure 5.39 Residual compressive stress gradients 




















6.1 Modification of S-N Curves
The S-N curves presented earlier included data from all 
specimens that were tested. As discussed previously, some 
specimens failed due to poorly rounded corners or corner- 
initiated cracks. As a result, the fatigue data from these 
specimens did not represent the fatigue resistances of the 
materials. In order to obtain endurance limits that were 
representative of the material in each heat, data points 
from specimens with failures not related to material 
properties were excluded and modified endurance limits were 
determined.
At relatively high stresses, the influence of poorly 
rounded corners and corner-initiated cracks did not 
correlate with the number of cycles to failure. However, at 
relatively low stresses, specimens with poorly rounded 
corners and/or corner-initiated cracks frequently failed 
prematurely.
Figures 6.1, 6.2, and 6.3 show data points and modified 
S-N curves from steel type 8219 with low, medium, and high 
sulfur, respectively. Data points from specimens that had 
poorly rounded corners and/or corner-initiated cracks are 
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take into account data from these specimens. Horizontal 
arrows indicate run-out specimens. Figure 6.4 shows the 
modified S-N curves for the three heats of steel type 8219 
and indicates that endurance limit decreases as sulfur level 
increases. The slopes in the low-cycle portions of the S-N 
curves did not vary significantly. The endurance limit of 
steel type 8219 with medium sulfur increased from 117 0 MPa 
(170 ksi) to 1200 MPa (174 ksi) after excluding data points 
that were not representative of the material. The S-N 
curves from steel type 8219 with low and high sulfur were 
not affected.
Figures 6.5, 6.6, and 6.7 present data points and 
modified S-N curves from steel type 8719 with low, medium, 
and high titanium, respectively. Data points indicated by 
open circles had fracture in the specimen caused by poorly 
rounded corners or corner-initiated cracks and was not 
representative of the material's fatigue properties. 
Horizontal arrows indicate run-out specimens. Steel type 
8719 with high titanium had five specimens with both poorly 
rounded corners and crack initiation sites at a corner which 
accounts for a significant amount of the scatter in the 
data.
Figure 6.8 shows the modified S-N curves for the three 
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8719 with 0.011 titanium increased from 1070 MPa (155 ksi) 
to 1170 MPa (170 ksi) after excluding data points not 
representative of the material. The endurance limits of 
steel type 8719 with low and medium titanium were not 
affected by the modification.
Figures 6.9 and 6.10 show data points and modified S-N 
curves from steel types 4320 and 8620, respectively. The 
modified S-N curves are the result of eliminating data 
points that were not representative of the material, as 
discussed above. Data points that were eliminated are 
indicated by open circles. Horizontal arrows indicate run­
out specimens. The failures at 1107 MPa (160.5 ksi) and 
1070 MPa (155.2 ksi) in specimens of steel type 8620 had 
failures related to either poorly rounded corners or corner- 
initiated cracks. After excluding the premature failures, 
the endurance limit for steel type 8620 was 1100 MPa (160 
ksi). The endurance limit for steel type 4320 was not 
affected by the modification. Figure 6.11 shows the 
modified S-N curves for steel types 4320 and 8620.
Table 6.1 lists the endurance limits of the eight test 
heats from the modified S-N curves and the original S-N 
curves. The endurance limits of steel types 8219 with 0.015 
sulfur, 8620, and 8719 with 0.011 titanium increased as a 
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Table 6.1 Endurance Limits of Test Heats from 
Modified and Original S-N Curves
Modified Original
Endurance Limit Endurance Limit
Steel Tvoe MPa ksi MPa ksi
4320 1230 178 1230 178
8219 - 0.006 S 1260 183 1260 183
8219 - 0.015 S 1200 174 1170 170
8219 - 0.029 S 1070 155 1070 155
8620 1100 160 1010 147
8719 - 0.002 Ti 1170 170 1170 170
8719 - 0.006 Ti 1170 170 1170 170
8719 - 0.011 Ti 1170 170 1070 155
Comparisons; of Endurance Limits in Current Studv
Endurance limits of the three heats of steel type 8219 
decreased as sulfur content increased from 0.006 weight 
percent to 0.029 weight percent. A decrease in sulfur from 
0.029 to 0.015 weight percent sulfur increased the endurance 
limit 12 percent while a decrease in sulfur from 0.029 to 
0.006 weight percent increased the endurance limit by 18 
percent. The increases were due to fewer manganese sulfide 
(MnS) inclusions in the heats with lower sulfur. As the 
number and size of MnS inclusions decreased, fatigue crack 
initiation became more difficult and the endurance limits 
increased.
The heats of steel type 8719 with 0.002, 0.006, and
0.011 weight percent titanium had identical endurance limits
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which indicates that the residual titanium level did not 
deleteriously affect fatigue performance. The fact that 
titanium inclusions were not involved in crack initiation 
confirms the innocuous effect of titanium to at least 0.011 
weight percent. Fatigue crack initiation was due to either 
intergranular cracking or crack formation at sulfide 
inclusions, which were both constant factors in the three 
heats of steel type 8719.
Comparisons of endurance limits and chemical 
compositions of the heats of steel types 8219 with medium 
and high sulfur, and 8620 allowed comparisons of manganese, 
phosphorus, sulfur, and nickel. An increase in sulfur 
resulted in lower endurance limits and was the only element 
with a consistent effect. Effects of other elements were 
not clear. For example, the manganese contents in both 
heats of steel type 8219 were about 0.5 weight percent 
higher than the manganese content in the heat of steel type 
8620. However, one heat of steel type 8219 had a higher 
endurance limit than steel type 8620 while the other heat of 
steel type 8219 had a lower endurance limit than steel type 
8620.
A similar comparison of the endurance limits and 
chemical compositions of the heats of steel types 8219 with 
medium and high sulfur, and 8719 with low titanium also
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showed a deleterious effect of sulfur content on endurance 
limit. Conclusions on the effects of other elements could 
not be drawn.
The endurance limit of steel type 8620 was 69 MPa (10 
ksi) lower than the endurance limit of steel type 8719 with 
low titanium. The phosphorus levels were the only 
significant difference in chemical composition. The 
phosphorus contents of the heats of steel types 8620 and 
8719 with low titanium were 0.017 and 0.010 weight percent, 
respectively. This comparison confirms the deleterious 
effect of phosphorus on fatigue resistance.
The significant differences in chemical composition 
between the heats of steel types 4320 and 8719 with 0.006 
weight percent titanium were the manganese and nickel 
levels. The heat of steel type 4320 contained 0.28 weight 
percent less manganese and 1.23 weight percent more nickel 
than the heat of steel type 8719. The endurance limits of 
the heats of steel types 4320 and 8719 were 1230 MPa (178 
ksi) and 1170 MPa (170 ksi), respectively.
The heats of steel types 4320, 8219 with 0.015 weight 
percent sulfur, 8620, and 8719 had similar sulfur levels. 
The heat of steel type 4320 had the highest endurance limit 
of these heats while steel type 8620 had the lowest 
endurance limit.
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6.3 Comparison of Endurance Limits to Study bv Pacheco
Pacheco (11) studied bending fatigue in a heat of steel 
type 8719 with the same specimen geometry used in the 
current study. The chemical composition, in weight percent, 
of the steel studied by Pacheco is as follows:
C Mn P S Si Cr Ni Mo A1 Sn Cu 
.19 1.06 .015 .015 .21 .52 .50 .17 .033 .010 .14
The endurance limit determined by Pacheco for gas carburized 
and direct quenched specimens was 1460 MPa (212 ksi). The 
endurance limit of gas carburized and direct quenched 
specimens of steel type 8719 with low titanium in the 
current study was 1170 MPa (170 ksi). Inclusion 
orientation, austenite grain size, and reduction ratio are 
factors most likely responsible for the difference in 
endurance limits of the studies.
The orientation of inclusions in the specimens is an 
important difference between the two studies. The specimens 
in the study by Pacheco were parallel to manganese sulfide 
inclusions and, consequently, only the circular cross 
section of the manganese sulfide inclusions intersected the 
line of maximum stress. Inclusions of this orientation were 
not observed to initiate fatigue cracks in the Pacheco 
study. In the current study, the long axis of the specimen
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was perpendicular to the manganese sulfide inclusions. 
Consequently, the length of the inclusions could lie in the 
line of maximum stress. As a result, the inclusions in the 
current study concentrated stress more severely and provided 
greater interfacial areas for delamination than in the 
specimens tested by Pacheco.
As discussed previously, Mayes and Baker (31) studied 
the effect of inclusions on anisotropy and determined crack 
initiation toughness values for inclusions in varying 
orientations. The JT values for inclusions in theXC
orientation of the current study and the study by Pacheco 
were 29.6 kN/m and 49.4 kN/m, respectively. Mayes and Baker 
also calculated strain coefficient factors. The values for 
the current study and the study by Pacheco were 25 and 1.8, 
respectively. Mayes and Baker examined a mild steel with
0.15 weight percent sulfur which would have contained more 
manganese sulfide inclusions than steel type 8719. The 
orientation effect in the case of a carburized low-alloy 
steel specimen would be lower than in a mild steel due to 
fewer inclusions and a smaller plastiq zone preceding a 
crack in a low-alloy steel, but would most likely still be 
significant.
The austenite ASTM grain sizes were 10.5 and 7.9 in the 
study by Pacheco and the current study, respectively. As
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discussed previously, Pacheco (11) showed that endurance 
limit increases as austenite grain size decreases. The 
significant difference in austenite grain sizes is an 
important factor when comparing the studies. Carburizing 
temperatures in both studies were the same, and, therefore, 
the reason for the grain size differences is not clear. A 
possible reason might be the higher aluminum content in the 
steel tested by Pacheco.
Reduction ratio affects fatigue performance by 
homogenizing and refining the microstructure. In comparing 
the endurance limits from this study and Pacheco's study 
(11), reduction ratio must by considered. The material 
tested by Pacheco had a reduction ratio of 326 to 1. The 
reduction ratio in the heat of steel type 8719 with low 
titanium was 33 to 1. The variation in reduction ratios 
most likely contributed to the difference in endurance 
limits between the two studies.
6.4 Inclusion Morphology
Figures 6.12 a and b are from fracture surfaces of 
specimen cores from steel types 4320 and 8719 with 0.011 
weight percent titanium which have almost the same sulfur,
0.018 and 0.020 weight percent, respectively. The small 
spheres in Figure 6.12a, from the heat of steel type 4320,
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Figure 6.12 Morphologies of manganese sulfide inclusions in 
cores from specimens of steel type a) 4320, and 
b) 8719 with 0.011 weight percent titanium,
1000 X.
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were identified as MnS. The long stringer inclusions in 
Figure 6.12b, from the heat of steel type 8719, were also 
identified as MnS. Even though the sulfur levels are 
similar, the morphology of the MnS inclusions are 
dramatically different. The distribution of inclusions was 
similar throughout the fatigue specimens so the case 
microstructures from the two heats had MnS inclusions 
similar to those present in the cores. It is suggested that 
the spherical morphology and the smaller size of the MnS 
would be less detrimental to fatigue resistance than large, 
elongated MnS because the stress concentration around the 
smaller inclusions is relatively low. Therefore, one reason 
for better fatigue resistance in steel type 4320 than that 
in heats with similar sulfur levels was the more favorable 
size and morphology of the MnS inclusions.
6.5 Chemical Compositions of Selected Inclusions
Numerous inclusions were identified that contained 
manganese, chromium, silicon, and titanium. These 
inclusions were typically within 10 microns of the surface, 
although some inclusions of similar composition were found 
24 microns from the surface. Some inclusions were in the 
form of stringers. The inclusions with manganese, chromium, 
silicon, and titanium most likely formed during carburizing
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and were in the form of oxides. Inclusions of similar 
compositions were not observed in the cores. Similar 
observations of these elements oxidizing to form inclusions 
of significant size have been reported in previous studies 
(45,46) .
6.6 Comparison of the Effects of Chemical Composition and
Austenite Grain Size on Endurance Limits
Pacheco (11) showed that endurance limits increased as 
austenite grain size decreased. Figure 6.13, which includes 
data from the Pacheco study and the current study, indicates 
that there was not a clear relationship between austenite 
grain size and endurance limit in the current study. The 
different chemical compositions in the current study appear 
to have influenced endurance limits to a greater extent than 
the austenite grain sizes.
In the current study, endurance limits of steel type 
8219 with different sulfur levels increased as austenite 
grain size decreased, although the differences in grain 
sizes were relatively small, as shown in Table 6.2. As 
mentioned previously, endurance limits in steel type 8219 
decreased as sulfur level increased. Given the relatively 
small differences in austenite grain sizes in the heats of 
steel type 8219 and the influence of manganese sulfide 
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Figure 6.13 Endurance limit versus austenite grain size 













have had more influence on endurance limits than austenite 
grain size.
Table 6.2 Endurance Limits and Austenite 
Grain Sizes of Test Heats
Austenite 
Endurance Limit Grain Size
Steel Type MPa______ ksi ASTM microns
4320 1230 178 CO 17.5
8219 - 0.006 S 1260 183 7.8 22.0
8219 - 0.015 S 1200 174 7.3 25.5
8219 - 0.029 S 1070 155 7.1 27.0
8620 1100 160 •00 14.5
8719 - 0.002 Ti 1170 170 7.9 20.5
8719 - 0.006 Ti 1170 170 8.5 16.5
8719 - 0.011 Ti 1170 170 8.5 16.5
The endurance limits in heats of steel types 4320, 
8620, and 8719 did not correlate with their respective 
austenite grain sizes. For example, the heat of steel type 
8620 had the finest austenite grain size of the eight test 
heats, but had the second lowest endurance limit. In this 
study, chemical composition, especially sulfur content, 




1. Bending fatigue endurance limits of eight identically 
gas carburized steels, carburized at 927° C (1700° F) 
and quenched from 849° C (1560° F), ranged from 1070 to 
1260 MPa (155 to 183 ksi). These endurance limits 
are relatively good compared to most published values 
of fatigue limits in carburized steels.
2. All fatigue fractures were initiated by intergranular 
cracks. Most of these intergranular cracks were 
associated with manganese sulfide inclusions.
3. Systematic increases in sulfur increased the 
variability of fatigue performance and lowered fatigue 
limits within the range given above.
4. The fatigue specimens were machined from steel bars in 
an orientation where the elongated manganese sulfide 
inclusions were parallel to the line of maximum stress 
which intensified the effect of the inclusions on 
fatigue crack initiation.
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5. In the absence of manganese sulfide inclusions, large 
areas of transgranular fracture formed because
the inclusions, which concentrate stress, were not 
present.
6. Bending fatigue resistance was not influenced by 
titanium contents in the series of steel type 8719 with 
titanium levels between 0.002 to 0.011 weight percent.
7. Specimens with poorly rounded corners and/or crack 
initiation sites at corners tended to fail 
prematurely and did not represent fatigue properties of 
the microstructure.
8. Variations in case depths, intergranular oxidation 
depths, surface hardnesses, austenite grain sizes, 
retained austenite levels, and residual stresses were 
relatively small from heat to heat, and, therefore, had 
little effect on differences in endurance limits.
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APPENDIX A SPECIMEN INSERTION INSTRUCTIONS
1. Set micro inch/inch at XI on digital strain indicator. 
Depress 1/4, 1/2 button.
2. Zero calibrated specimen on the switching and balancing 
unit with one of the knobs in the lower left-hand 
corner of the panel. Specimen should not be 
constrained in any way.
3. Insert small end of specimen in mechanism on the end of 
the arm on the rotating shaft. With the radius up, 
push the specimen all the way into the holder. Center 
the specimen as there is a slight gap in the holder. 
Tighten the four bolts beginning with one bolt on one 
side, then a bolt on the other side to ensure even 
loading. After hand tightening, lightly tighten the 
bolts in the same sequence with an alien wrench.
4. Insert the big end of the specimen into the stationery
block with the radius up. Loosen the three alien bolts
in the block so the specimen slides in easily. Push 
specimen all the way in.
5. Tighten the bolts on the mechanism holding the small
end of the specimen with a torque wrench in the same
sequence in Step 3. First, tighten all four bolts to 
25 inch-pounds. Then tighten each bolt to 50 inch-
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pounds. Continue the sequence at 50 foot-pounds until
all four bolts do not tighten.
6. Set rotating cylinder at minimum setting (lowest
strain). Always rotate cylinder in a counter clockwise 
direction. Push specimen all the way into stationery 
specimen holder. Make sure bar in stationery block 
above the big end of the specimen is parallel to the 
block. Hold bar so it can not slide out. Rotate the 
cylinder by hand five times to allow specimen to find 
an equilibrium position. After five cycles, stop 
cylinder at minimum setting. Lock shaft on back of 
machine by pushing the two metal tabs down. Lightly 
tighten center bolt on block with an alien wrench. 
Lightly tighten the outside two bolts at the same time 
while checking to make sure bar stays parallel to 
block. Retighten the center bolt. Starting with the 
center bolt, tighten bolts to 50 inch-pounds with a 
torque wrench. Then tighten each bolt to 75 inch- 
pounds until all three bolts do not tighten.
7. Unlock shaft by raising metal tabs on the back of the 
fatigue machine. Rotate the cylinder by hand five 
times. Record the minimum and maximum strains. Repeat 
measurement until minimum and maximum strains are 
consistently within 2 or 3 microinches/inch of the
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previous reading. Multiply by 0.029 to convert 
microinch/inch to stress in ksi. Compute r (minimum 
strain divided by maximum strain) and delta strain 
(maximum strain minus minimum strain). The calibrated 
specimen should be completely removed and retested at 
least three times before adjusting the fatigue machine.
8. Move the automatic shut off switch to within about 0.25
inch of the arm between the rotating cylinder and
specimen holder and tighten alien bolt on switch.
9. Lower metal safety cover.
10. Reset counter to zero. Counter indicates hundreds of
cycles.
11. Turn on black power switch on the side of the fatigue 
machine.
12. To start fatigue machine, press metal button on side of 
automatic shut off switch.
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APPENDIX B INSTRUCTIONS FOR STRESS ADJUSTMENT OF FATIGUE 
MACHINE
Place strain gage EA-06-031CF-120 on the line of 
maximum stress located 47.62 mm (1.875 inch) from the small 
end of the specimen. Insert specimen as described in 
Appendix A and record the minimum and maximum strains.
Remove and insert the specimen at least three times before 
adjusting the machine.
To increase the minimum and maximum strains, move the 
stationery block up. The displacement of the block is 
measured by attaching an extension beneath the block. A 
gage which reads 0.0001 inch is attached to a magnetic base 
which is on the side of the fatigue machine. Adjustments of 
approximately 0.001 inch must be made for accuracy of about 
± 2 ksi.
The difference between the maximum and minimum strains 
is controlled with the eccentricity setting on the metal 
cylinder on the end of the rotating shaft. An increase on 
the dial setting increases the difference between the 
minimum and maximum strains.
To move the block, first loosen the nut on the threaded 
shaft. Loosen the four alien bolts slightly so the block 
can slide. If the alien bolts are too loose, the block will
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drop about 5 mm (0.2 inch). After moving the block, 
tightening the alien bolts will raise the block slightly 
(loose bolts give more rise when tightening). Finally, 
tighten the bolt on the threaded shaft.
The eccentricity is adjusted by loosening the four 
alien bolts on the end of the shaft. The middle bolt moves 
the setting while the other four hold the setting. An 
increase on the scale increases the difference between the 
minimum and maximum strains.
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APPENDIX C DATA FROM SPECIMEN WITH STRAIN GAGE
Table A.l and A.2 present data from the calibrated 
specimen in units of MPa and ksi, respectively. The 
calibrated specimen had a strain gage on the line of maximum 
stress. The aim value for R, which is the ratio of the 
minimum to maximum stresses, was 0.1. The number of tests 
with the calibrated specimen at each stress level depended 
on the consistency of the tests and the number of specimens 
tested.












107 1021 6.9 6.9 0.105 10
96.6 1070 17 21 0.090 9
112 1107 4.8 2.8 0.102 6
115 1176 12 14 0.098 19
125 1206 26 21 0.104 17
112 1233 17 13 0.091 25
128 1265 12 9.0 0.101 6
126 1306 6.9 7.6 0.097 7
134 1355 12 15 0.099 12
123 1359 7.6 6.2 0.091 22
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15.5 148.0 1.0 1.0 0.105 10
14.0 155.2 2.5 3.0 0.090 9
16.3 160.5 0.7 0.4 0.102 6
16.7 170.6 1.7 2.0 0.098 19
18.1 174.8 3.8 3.0 0.104 17
16.2 178.8 2.4 1.9 0.091 25
18.5 183.4 1.7 1.3 0.101 6
18.3 189.4 1.0 1.1 0.097 7
19.4 196.5 1.7 2.2 0.099 12
17.9 197.0 1.1 0.9 0.091 22
